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Preface 

The first edition of The Surveying Handbook, although a ground breaker, was widely accepted. 
However, surveying is a dynamic profession with each new development just one step ahead of 
the next, and updating became critical. In addition, the editors received constructive criticism 
about the first edition that needed to be addressed. So, while the objective of The Handbook 
remains intact, the logical evolution of the profession, along with the need to recognize 
constructive criticism, led to the second edition. 

New chapters have been added on water boundaries, boundary law, and geodetic positioning 
satellites. The chapter on land data systems was rewritten to provide a dramatic updating of 
information, thus broadening the coverage of The Handbook. The same may be said for the state 
plane coordinate chapter. The material on public lands and construction surveying was 
reorganized as well. Appendices were added to tabulate some information that was buried in the 
earlier edition in several places. Numerous other changes were incorporated to help the 
handbook retain its profession-wide scope, one step beyond the scope of an upper-division 
college textbook. Along with the most sophisticated techniques and equipment, the reader can 
find information on techniques once popular and still important. 

Four new authors are welcomed to the list of contributors: Grenville Barnes, R. B. Buckner, 
Donald A. Wilson, and Charles D. Ghilani. 

The editors and publisher feel confident that a second edition of The Surveying Handbook 
meets the objectives of broad, thorough coverage and current information, while recognizing 
the valuable advice and suggestions of first edition users. 

xxviii 

RUSSELL BRINKER 

Roy MINNICK 

February 25,1993 



Preface to the First Edition 

THE SURVEYING HANDBOOK has been written to fill the need for a comprehensive volume 
on professional surveying. In the past, similar books have been filled primarily with tables more 
readily obtained from other sources, while several of the more recent versions concentrate on a 
single area of the profession and are published by the American Congress on Surveying and 
Mapping, American Society of Photogrammetry, and American Society of Civil Engineers. The 
36 chapters in this volume were prepared by 35 contributors, generally based on their special 
fields. 

Obviously, even the largest handbook could not cover every phase of surveying in complete 
depth. But sufficient material is given herein to provide surveyors and others with suitable 
information outside their specialty field. It can then be determined whether a full-sized special 
book on a subject area is needed. Some surveying equipment sales and repair shops stock a 
small number of textbooks. Customers have asked "Why can't I get just one volume to refresh 
and guide me instead of having to buy half a dozen books?" It is hoped this volume will 
eliminate that problem. 

Based on advance publication interest, surveyors, civil, agricultural and other engineers, 
foresters, architects, archeologists, geologists, small home builders, realtors, title companies, and 
lawyers will find useful information in THE SURVEYING HANDBOOK. 

Abundant figures and tables are included in this volume. References to textbooks, technical 
journals, and magazines will help readers find additional sources of specific information 
desired. Profuse footnotes have been used only in Chapter 31, The Role of the Surveyor in Land 
Litigation: Pretrial. At most chapter ends, superscript numbers refer to the list of References 
and Notes, thereby retaining a cleaner appearance and reducing awkward typesetting. 

THE SURVEYING HANDBOOK is written in an easy-to-read style that avoids word repetition 
and other excess verbiage. A handbook is supposed to be practical and that has been the goal of 
Contributors and Editors. Many Contributors have written their own textbooks or parts thereof, 
and nearly all are frequent authors of technical papers. 

Contacting Contributors residing in 19 different states by telephone and letters has been an 
unexpected challenge for the Editors who have been so heavily dependent upon the contribu­
tors' efforts and cooperation. Their expenditure of time and funds for the extremely small 
stipend paid handbook contributors by publishers is greatly appreciated. 

xxix 



xxx Preface to the First Edition 

In addition to the typical textbook chapters, special ones on Survey Drafting; Mining Surveys; 
Optical Tooling (Industrial Applications); Land Descriptions; Pre-Trial Preparation; Courtroom 
Techniques; Survey Business Management; Surveying Charges, Contracts, Liability; Land Infor­
mation Systems; and Surveying Profession, Registration, Associations, are included. 

This handbook is the result of the labors over the last 5t years. Although basic principles of 
survey measurement remain the same, technology and sources of information may change. 
Recently, NGS has published portions of NAD-83, several states have adopted new state plane 
coordinate systems, and data storage and retrieval methods at primary survey information 
sources have been modernized. The surveying profession is not static, but is constantly changing 
in response to modern technology. 

RUSSELL BRINKER 

Roy MINNICK 
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1 
SUNeying Profession, Registration, 

and Associations 

Walter G. Robillard 

1-1. INTRODUCTION 

This chapter provides information about the 
professional organizations and their role in 
professional surveying. Addresses of key orga­
nizations are included in that direct contact 
can be made to obtain further information. 

1-2. OVERVIEW 

Prior to formation of the American Congress 
of Surveying and Mapping (ACSM) in the 
1930s, surveying was an important part of civil 
engineering and had an appropriate number 
of courses in college civil engineering curric­
ula. The American Society of Civil Engineers 
(ASCE) was the primary sponsor of surveying 
technical papers and continues to include 
them in the monthly civil engineering maga­
zine and periodically in a journal of surveying 
engineering. Recently, an engineering survey­
ing manual prepared by the Committee on 
Engineering Surveying of the Surveying Engi­
neering Division has been published and is 
available for purchase from the ASCE. 

The ACSM, through its quarterly journal 
and bimonthly bulletins, provides excellent ar­
ticles on all pertinent items that along with its 
semiannual national meetings make member-

ship essential. Other worthy publications in­
clude the Point of Beginning (P.O.B.) Magazine 
and Professional Surveyor. 

When civil engineering professional regis­
tration was first legislated in the early part of 
the 20th century, the civil engineering license 
included surveying privileges. Gradually, sepa­
rate licensing of surveyors became the law in 
most parts of the United States. 

1-3. THE FUTURE 

Challenges of the future-e.g., space explo­
ration, oceanographic research, urban and 
land planning and development, ecology and 
the use and search for natural resources-are 
dependent on and interrelated to the fields of 
mapping, charting, geodesy, and surveying. 

1-4. BACKGROUND OF 
SURVEYING AND MAPPING 

Records of land surveys date back to the Baby­
lonian era, 3000 or more years ago. Boundary 
stones were used during those times to mark 
property in the valleys of the Tigris and Eu­
phrates Rivers. 
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Geological relics from about 3000 B.C. are 
still preserved, depicting certain physical fea­
tures of ancient Babylonia. Town plans of 
Babylon survive that date back to 2000 B.C. 

In ancient Egypt, the valley of the Nile 
River was flooded frequently, and boundary 
stones were often shifted or washed away. The 
Egyptians developed a system of surveying 
through which they were able to perpetuate 
the boundary and property lines of that rich 
area. 

Some surveys of ancient times relate to those 
of today. During the construction of the Aswan 
Dam on the Nile River, surveyors established 
precise points for use as guides in cutting, 
moving, and reassembling the statues at Abu 
Simbel. This was necessary in order to pre­
serve the beauty and harmony of the original 
design and construction, which in turn de­
pended significantly on measurements made 
by the surveying techniques of ancient times. 

In the second century of the Christian era, 
Ptolemy introduced and named the system of 
latitude and longitude. The Vinland map, 
which is thought to have been made about A.D. 

1440, delineated Iceland, Greenland, and a 
land mass called Vinland that represented the 
North American mainland. In 1594, Mercator 
devised geometrically accurate map-projection 
systems. 

In the United States, the public-land system 
of townships, ranges, and sections was devel­
oped in 1784. In 1803, Lewis and Clark ex­
plored and surveyed the country along the 
Missouri River and west to the Pacific Ocean. 
Hassler and Blunt led the way in coastal chart­
ing in the 1850s; the Powell, Fremont, Hay­
den, King, and Wheeler surveys of the 1860s 
opened the development of the American 
West. Significant developments in aerial pho­
togrammetry, as applied to surveying and 
mapping, occurred in the 1920s and are still 
going on. The 1960s brought the beginning of 
manned space exploration, climaxed by the 
landing on the moon. The Surveyor I through 
VII series of satellites contributed much valu­
able data leading up to that highly successful 

moon landing. In the 1970s, exploration of 
space by the United States continued with 
orbiting surveys of Mars, and the spectacular 
landing of the space vehicle on that planet, 
followed by transmission of both photos and 
detailed data concerning the surface. S1,lrvey­
ors always have been closely identified with 
exploration and the growth in complexity and 
sophistication of the cultural development that 
follows exploration. 

1-5. THE SURVEYING PROFESSION 

Surveyors are licensed by each state, usually 
under the authority of a board of registration. 
The addresses of the boards are listed in Ap­
pendix 1. 

Laws governing the practice of surveying 
are enacted at state level. With the exception 
of public-land surveys, there are almost no 
federal laws regulating survey practice and no 
federal license or registration. 

Qualifications for surveyors vary from state 
to state, but generally a pattern of six years of 
prescribed experience and a 16-hour written 
examination are the requirements for registra­
tion. Many states use portions of examinations 
prepared by the National Council of Engineer­
ing Examiners supplemented by a portion pre­
pared by the state to test on specific state laws. 

1-6. SURVEYING LITERATURE 

A substantial body of literature about survey­
ing exists. Booksellers specializing in surveying 
are listed in Appendix 3. 

1-7. SURVEYING EDUCATION 

Surveying degrees are offered by only a few 
colleges in the United States. More common is 
the two-year program offered by community 
colleges. 
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Surveying Field Notes, Data 

Collectors 

Russell C. Brinker 

2-1. INTRODUCTION 

Surveying is defined in the 1978 ASCE Manual 
No. 34: Definitions of Surveying and Associated 
Terms prepared by a joint committee of the 
ASCE and ACSM as 

"(0 The science and art of making all essential 
measurements in space to determine the relative 
positions and points and/or physical and cul­
tural details above, on, or beneath the earth's 
surface and to depict them in usable form, or to 
establish the position of points and/or details. 
Also, the actual making of a survey and record­
ing and/or delineation of dimensions and de­
tails for subsequent use. (2) The acquiring 
and/or accumulation or qualitative information 
and quantitative data by observing, counting, 
classitying, and recording according to need." 

Examples are traffic surveying and soil survey­
ing. 

Manually or electronically made field notes 
are necessary to document surveying results. 
In this chapter, basic principles of good note­
keeping will be discussed, detailed suggestions 
listed, and simple examples given. Many spe­
cial noteforms have been designed to fit the 
specific requirements of various federal, state, 

city, and county agencies, large companies, 
property surveyors, and other organizations. 
Some of these specialized noteforms are in­
eluded in later chapters. No single style is 
universally accepted and termed the "stan­
dard," even for a job as common as differen­
tial leveling. Diverse field conditions, equip­
ment and personnel, and special needs cannot 
be served by rigid arrangements-e.g., prop­
erty surveys often require recorders to impro­
vise different noteforms. Tables of some sur­
veying terms, abbreviations, and symbols used 
in noteforms are presented at the end of this 
chapter. A short list of surveying textbooks 
and other references is also provided. 

2-2. IMPORTANCE OF FIELD NOTES 

Field notes are the only truly permanent and 
original records of work done on a project. 
Monuments and corners set or found may be 
moved or destroyed, and maps prepared from 
notes sometimes show incorrect distances, an­
gles, and locations of details. Obviously, one 
notekeeping error can ruin the accuracy and 
credibility of the succeeding steps: computing 
and mapping. Written documents (deeds) can 

3 
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jumble numbers and directions, and computer 
operators have been known to introduce their 
own mistakes. Original field notes are, there­
fore, the court of last resort. 

A notekeeper's job is often the key assign­
ment in a surveying field party; hence the 
party chief, who presumably is the most expe­
rienced and competent member, often as­
sumes that responsibility. Numerical data must 
be recorded, sketches drawn, descriptions pre­
pared, and mental calculations quickly made 
(as in first-order three-wire precise leveling), 
while one or more people shout things as they 
move around. On property surveys, the party 
chief, while keeping notes, may roam along 
boundary lines to get information. In a two­

member differential-leveling unit, the note­
keeper is also the instrument operator. 

Property survey notes introduced as key­
exhibit evidence in court cases can be a criti­
cal factor in decisions affecting land transfers 
by future generations. Land values continue to 
increase, so accuracy and completeness of sur­
veys and notes are vital. The cross-referenced 
notes in a land surveyor's files become the 
saleable "good will" of the business. 

The investment worth of surveying notes 
depends on the time and cost to reproduce 
any field work, plus the loss caused by their 
unavailability if immediately needed. The 
name, address, and telephone number of the 
person who prepared the notes and company 
that owns the field book must be lettered in 
India ink on the outside and inside cover. If a 
reward will be paid for return of the book if 
lost, it should be stated. 

Because of possible omissions and copying 
errors, only original notes may be admitted in 
court cases, since they are the "best" evi­
dence. Copies must always be clearly identified 
as such. Measurements not recorded at the 
time they were made or entered later from 
memory-which is even worse than copying 
from a scratch bit of paper-are definitely 
unreliable. 

Since the time and date of erasures are 
always questionable and possible cause for re­
jection of the notes, erasures must not be 

made on recorded measurements. Also, the origi­
nally recorded material may later be found 
useful and correct. A pencil line should be run 
through a wrong number without destroying 
its legibility and the correct value placed above 
or below the deleted number. Part or all of a 
page to be canceled should be voided by draw­
ing diagonal lines across it, but without mak­
ing any part illegible, and prominently marked 
VOID. Erasing a nonmeasured line for a 
topographic sketch while in the field may be 
justified. 

2-3. ESSENTIALS OF SUPERIOR 
NOTES 

Five primary features are considered in evalu­
ating field notes: 

1. Accural)'. This is the most important factor 
in all surveying procedures, including note­
keeping. 

2. Composition. Noteforms suitable for each 
project, with column headings arranged in 
order of readings and sufficient space pro­
vided for sketches and descriptions without 
crowding, promote accuracy, completeness, 
and legibility. 

3. Completeness. A single omitted measurement 
or detail can nullity an entire set of notes 
and delay computing or plotting. On proj­
ects far from the office, time and money are 
wasted when returning to the field for miss­
ing data. Before leaving the survey site, notes 
must be carefully reviewed for closure checks 
and possible overlooked items. 

4. Clarity. Planning logical field procedures be­
fore leaving the office enables a notekeeper 
to record measurements, descriptions, and 
sketches without crowding. Mistakes and 
omissions become more obvious, which helps 
to eliminate costly office errors in comput­
ing and drafting. 

5. Legibility. Notes must be decipherable and 
understandable by all users, including those 
who have not visited the survey area. Neat, 
efficient-appearing notes are more likely to 
represent professional-quality measurements 
and inspire confidence in the field data. 



2-4. FIELD BOOKS 

Field books used in professional work contain 

Yilluable information acquired at comidnable 
cost; they must survive rough usage and dif­
ficult weather conditions and last indefinitely. 
Various types are available, but bound books 
-the longtime standards with sewed binding, 
hard stiff covers of leatherette, polyethylene, 
or covered cardboard, and 80 leaves-are 
generally selected. 

Stapled, sewed, and spiral-bound books are 
not suitable for most professional work. Dupli­
cating field books may be convenient for jobs 
requiring progressive transfer of notes from 
field to office. The original sheet can be de­
tached while a copy is retained in the field 
book. The loose-leaf original pages are filed in 
special binders. 

Loose-leaf books have both advantages and 
disadvantages. The advantages include (1) a 
flat working surface; (2) the capacity to sepa­
rately file individual project notes, thereby fa­
cilitating indexing and referencing, instead of 
wasting a partly filled book; (3) removable 
pages for shuttling between field and office; 
(4) easy insertion of preprinted noteforms, ta­
bles, diagrams, formulas, and other useful ma­
terial; (5) the ability to carry different rulings 
in the same book; and (6) lower overall cost 
because the ~over can be reused. Disadvan­
tages are possible loss of some loose sheets and 
having the project data divided between field 
and office. 

2-5. TYPES AND STYLES OF NOTES 

Surveying field notes can be divided into four 
basic types: tabulations, sketches, descriptions, 
and combinations. The combination method 
is most common because it fits so many overall 
needs. 

One axiom applies to all four types: If 
doubtful about the need for certain data, in­
clude them and make a sketch. A supplemen­
tary proverb, "One picture [sketch] is worth 
10,000 words," might well have been written 
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to guide surveying notekeepers. Preprinted 
noteforms for particular groups of surveys of­
ten use arrangements comparable to those 

illumated in thi~ t~J(t. 
Left- and right-hand field book pages are 

generally paired and share the same number. 
The left page is commonly ruled in six columns 
for tabulations, with notes and sketches on the 
right-hand page. Column headings proceed 
from left to right in the order readings are 
taken and minor calculations made. Figures 
2-1 and 2-2 are basic notes presented for illus­
trative purposes only to show two different 
tabulation arrangements on the same page.2 

In Figure 2-1, distances between hubs are 
recorded between the hub letters, names, or 
numbers. Measurements to a hub, in stations, 
are placed apposite the hub. A sketch on the 
right-hand page may help but not be neces­
sary, so the notes could be tabulations only. 
For a simple example of traverse distances, 
angles, and bearings, everything could be put 
on a sketch along with other information if 
only single angles are measured. 

Figure 2-2, a combination of type, demon­
strates that it is easier to follow the "open" 
style differential-leveling notes having a (+) 
sight and height of instrument (HI) on one 
line, followed by the (-) sight and elevation 
on the next one, rather than the "closed" 
type, which puts all four values on the same 
line. This is especially helpful when a less 
experienced person uses a noteform to check 
something. 

The project title can run across the tops of 
both pages or be confined to the left one. The 
upper right corner of the right-hand page, 
away from descriptions and sketches, is a good 
place for these standard items: date, weather, 
party, and equipment type with serial number. 

1. Date, time of day (AM or PM), both starting 
and finishing times are necessary for record 
purposes. The number of hours spent in the 
field on a job may help to assess the preci­
sion attained, work delays, and other factors. 

2. Weather conditions ranging from extremely 
high to ultralow temperatures, sunshine, fog, 
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wind, dust, or rain and snowstorms can ad­
versely affect surveying results. Equipment is 
designed to operate under deplorable con­
ditions; humans are not, and precision suf­
fers. Weather information is one source to 
consider when investigating necessary cor­
rections and erratic closures. 

3. Party names with initials and assignments are 
essential for present and future reference. 
Court cases and questions regarding survey 
details may require contacting the field per­
sonnel many years after a survey has been 
completed. Common job symbols are 7\ 
for instrument operator, 0 for rodpersons, 
and N for notekeeper. 

4. Equipment make, model, type, and serial num­
ber, along with adjustment condition, govern 
survey accuracy when properly handled by 
an experienced operator. Knowing which 

UP-I Ia--,;I/ ;: ~/d 

r_~~ NStfJ"'-'" ~tfJ,..""...;., I.oS" IZ$~· ,-

12J""1.sA -"'. 1,.0,,-......... 

(",) 74", N-':' ,.:~,.s. Ic-'~z~) 
/~ ' ...... n"" .. ~ ,t/u lJ...r,tJa.-..... N 

(8)C"" tI","" .... t:U-.,,~ .... ,,- I....A......fL 

1'1.0/ ~~ Irl. OS", ~;.,.-.. 1w.N.""'~ ,~ 

rA .. I",....,.;..., ~/,./;../ ~,1,;.",.., LO;'Wel ..... 

/so I,o.~.bd L...".,4,-:, h~6' -/$ 

'~a ~""'N"S IM.r "'.." 61,.61,4 

,... ..... / (/t!JIt:>-"t! 'rbA>~ ~"'-"'A"" 
..,.,..., .440 .. ...: ~~ .. "" I"., ... ..,./~ 
<:1-" ~ .... -,. '4/~ Ioo/ .......... h 

""'''IIILA) IL /4..:'_ -~ 
",...,V41 4 ... "" ./:.. 

r~(" 1$.£ '1"_ /.$&,,,,,,, ~--... 
~ .e. ~,11 So. Iv ... ...,s. 

,II 

/ ~ 
V '" Z8 C:J: "-

'" "" '" "0 ~ 
f',. / ,A 
~ / .. 1' 

'" / ,P' 

~78 ? 

instrument was employed may assist in iso­
lating and correcting certain errors. For 
example, built-in errors of some electro­
magnetic distance-measuring instruments 
(ED MIs) and automatic level compensators 
are currently being investigated and correc­
tions applied to various old surveys. How­
ever, unrecorded repairs and later adjust­
ments, along with the lack of instrument 
identification on some projects, can prevent 
application of proper modifications. 

BenchJfTlark descriptions should begin with the 
general location starting with state, county, 
town, or a familiar area if not otherwise cov­
ered by the job description or title. They then 
proceed through a recognizable feature, such 
as a street, bridge, building, etc., to a descrip-
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FJgUre 2-2. Differential leveling (open and closed styles). 

tion of the object or mark itself. When used 
later in the field book, it need only be re­
ferred to by page number and not described 
again. 

BenchJfTtark names, such as Rock, Bridge, Hy­
drant, etc., provide a clue to the location and 
may reduce the number of ties required to 
find the point. On long lines, numbers in 
sequence are often preferable, but they can be 
subject to mistakes and do not give a recogni­
tion key for the mark. 

Symbols and abbreviations save notekeep­
ing time and space. There are standards for 
common items, but if unusual ones are re­
quired, they must be identified the first time 
employed. 

A useful instrument for notekeepers is a 
moderately priced, small, dependable camera. 
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Photographs of found and set monuments, 
bench-mark locations, fence lines, and other 
items methodically described and referenced 
at the time they are taken, can eliminate or 
simplify lengthy lettered notes. The camera's 
position and aiming direction should be indi­
cated by a symbol in the field book. All prints 
must be numbered, signed, and dat.ed, then 
mounted in an album to be filed with the 
project field notes. 

2-6. AUTOMATIC RECORDING 

New data collector models are now available for 
use with electronic distance-measunng instruments, 
theodolites, and total-station equipment to au-
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tomatically record distance and angle meas­
urements electronically. Data collectors dis­
play and record measurements, in some cases 
by merely pushing a button. Reading and 
transcribing errors are eliminated in both field 
and office. Stored data are transferred from 
the collector to a field or office computer, 
then on to a printer that makes working plots 
and convenient page-wide printouts. Figure 
2-3 shows the Lietz SDR2 electronic field book; 
Figure 2-4 defines the Lietz SDR2 flowchart 
from a recorder to the computer and other 
units in the assembly. 

The K & E Vectron and Auto Ranger II 
provide a readout display for visual checking 
and transfer the panel measurements to a field 
computer, without manual input, for calcula­
tion and storage. The field computer can be 
interfaced with an office computer for print­
outs and permanent records. 

Figure 2-3. Lietz SDR2 electronic field book. 
(Courtesy of the Lietz Company.) 

The Wild TCI recording attachment uses a 
magnetic tape cassette to store a complete 
block of measured data with built-in checks by 
touching a key. A cassette reader transfers the 
data to desk, mini, and large computers, and 
the information can then be transmitted from 
field to office by telephone. 

The ABACUS' SDC718 Survey data collec­
tor provides all the power needed for survey 
applications, from easy, quick sequences to 
more complex projects. It is not tied to a 
single-brand total station, works well with most 
automated field equipment, and can be used 
independently as an electronic field book. The 
SDC71 allows the user to reduce source data 
to field coordinates and upload data to a vari­
ety of CAD systems. 

Kern's Alphacord recording unit registers 
and stores automatically measured data that 
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Figure 24. SDR2 flowchart. (Courtesy of the Lietz Company.) 

along with keyed information is fed directly to 
a computer. While still in the field, the stored 
items can be relayed to a cassette tape recorder 
for later processing, thus making the unit's 
storage capacity available for repeated use. 

The Magnavox 502 Georeceiver satellite 
surveyor automatically assures that valid data 
are properly recorded on magnetic cassette 
tape. Visual display permits manual recording 
of site position for the survey field notes. 
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All the data collectors briefly here have 
storage capacity for a normal day's operation. 
Data collectors are best suited for use with 
total-station instruments on projects providing 
many data to be passed on to a computer and 
other accessories. Among items to be consid­
ered are size, weight, power consumption, 
range of suitability for possible use with equip­
ment from other manufacturers, storage me­
dia and capacity, manual and automatic data 
entry, clarity of display, ready access to repair 
facilities, initial and maintenance costs, and 
future upgrading feasibility. 

Numerous changes and improvements have 
been made since a 1981 article, "Evaluating 
Data Collectors,,,3 was published in P.O.B. 
Magazine. The author tabulated six devices by 
name, manufacturer, physical characteristics, 
power supply, whether or not a stand-alone 
unit, communication, compatible equipment, 
data display, storage medium, memory size, 
availability, and price. The points discussed 
and evaluation checklist (see Table 2-1) are 
still pertinent. 

A recent article, "Measuring the Productiv­
ity of Data Collectors and Total Stations" by 
Tom Donahue, evaluates four data-collection 
systems indoors at the Minneapolis Metro 
Dome. A Citation CI 450 top-mounted slope 
distance meter, representative of the equip­
ment owned by a mcyority of surveying firms, 
with a Lietz TM lA optical theodolite and 
standard field book were used for a base com­
parison. 

Each system was timed and its performance 
measured over a typical traverse / topo project. 
Evaluations were also conducted to measure ease 
of use, flexibility, versatility, and overall perfor­
mance. Six traverse points on the Metro Dome's 
field level and approximately 135 topo points on 
the field and lower deck areas were chosen. To 
more closely mirror field conditions, topo was 
shot from three different stations. The crew con­
sisted of one equipment operator, two rod peo­
ple and one person to set up stations. 

Did the total stations and data collectors sig­
nificantly increase productivity? The answer is 

Table 2-1. Data collectors evaluation checklist 

Evaluation Checklist 

1. Physical Characteristics 
(a) Dimensions of the unit 
(b) Total weight 
(c) Number of components in the system 

2. Power Supply 
(a) Number and type of batteries required 
(b) Battery life per charge 
(c) Backup power supply 

3. Interfacing the Data Collector to More Than 
One Type of Total Station 

4. Method of Transmitting the Data to a Computer 

5. Capacity of Data Collector 

6. Type of Storage Medium 
(a) Solid-state 
(b) Tape 

7. Features of Data Collector 
(a) Editing data 
(b) Computation 
(c) Checking data sequences 
(d) Type of data that can be entered 

8. Type of Display 
(a) Light-emittingdiode (LED) 
(b) Liquid crystal display (LCD) 

9. Maintenance of Data Collector 

lO. Upgradability of the System 

Source: Courtesy of P.D.B. Magazine. 

yes and no. For radial surveys, with lots of data 
to be collected and where many shots can be 
taken from each traverse station, this type of 
equipment will more than pay back its original 
cost. However, where trav.ersing only, or travers­
ing with a small number of sideshots/station, an 
EDMI and field book would be almost as pro­
ductive. The difference being that radial survey­
ing is shot intensive, while traversing is almost 
set up and move. Consider the fact that it took 
the EDMI system approximately 40 to 50 seconds 
per shot to read and record topographic infor­
mation versus 2.5 to 13 seconds for the total­
station systems. All total-station/data collector 
systems finished the entire project in less than 1 
hour and 40 minutes, while the EDMI/field 
book system took 3 hours and 45 minutes. That's 
2.3 times slower than the slowest total station! 
Had the project consisted of the traverse stations 
only, the difference would have been minimal. 



Other major findings of these evaluations 
were: 

l. The weak link in the data collection chain is 
the transfer to a software package. This of­
ten involves coordination between different 
manufacturers and may change the field ca­
pabilities of a data collector. It is, therefore, 
imperative to evaluate this and other links in 
the system before purchasing. 

2. For extensive radial surveying, a total station 
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Standard field books are readily accepted 

everywhere in court cases. Conversely, ques­

tions must be answered about magnetic tapes 

since they can be altered, erased by power 
mishaps or human error, lost, suffer deteriora­
tion, or make identification of the original 
versus a copy difficult. Also, electronic data 
collectors may present a possible hazard in 
underground surveys (see Chapter 29). 

is two to three times faster than a mount-on 2-7. NOTEKEEPING POINTERS 
EDM. This is mainly due to pointing time 
and one-button measurement. 

3. For extensive radial surveying, a data collec­
tor is 35 to 50 percent faster than a field 
book. This assumes all the measured data 
can be electronically transferred to the col­
lector. If some, or all, of the data need to be 
manually keyed in, then productivity is re­
duced to that of a field book. 

4. The fastest total station had a coarse mea­
surement mode, high-speed electronics, and 
wide beam width that made it ideal for ra­
dial stakeout and topographic surveys. 

5. The best data collector was the only one 
which had built-in computation software and 
was also capable of calculating the traverse 
precision ratio in the field. Other built-in 
computation capabilities included resection, 
field stakeout, coordinate computation, and 
much more. In addition, readable field notes 
could be transferred directly to a printer 
without a computer.4 

The advent of electronic recording has not 
diminished the need for highly competent 
notekeepers and field books. Since sketches, 
nonnumerical information, and descriptions 
must still be hand-prepared, the rapidly made 
measurements may increase a notekeeper's 
burdens on topographic and property surveys. 
But this responsibility is lessened somewhat by 
merely pointing, then just pushing buttons, 
instead of reading and recording. Cost of a 
data collector is an important factor for small 
surveying firms when considering how to en­
hance field and office equipment owned or 
contemplated for purchase. 

Basic points, some previously mentioned, are 
listed as practical guides for notekeepers: 

1. Letter the name, address, and telephone 
number of the field book's owner in India 
ink on the front and inside cover. State 
whether a reward will be paid for the re­
turn of a lost book. 

2. Number all pages before first use of a field 
book. Left- and right-hand pages are paired 
and share the same number. 

3. Employ the Reinhardt system of lettering 
for clarity, speed, and simplicity. Do not 
mix upper- and lowercase letters. Larger­
size and uppercase lettering should be re­
served for more important features. 

4. Use a 3-H or harder pencil; keep it sharp, 
bear down. 

5. Start a new day's work on a fresh page. For 
some projects in which large complicated 
sketches must be expanded, other consid­
erations may be overriding. 

6. Always record measurements immediately 
in the field book-not on scrap paper for 
later copying to improve appearance (a 
costly and dangerous act). "Rite in the 
Rain" field books now have waterproofpa­
per specifically designed to accept field 
notes in wet or humid weather, even dur­
ing rainstorms! 

7. Carry a straightedge for ruling lines, a small 
protractor, and scales. 

8. Make sketches to general proportion rather 
than exactly to scale or without advance 
planning. Keep in mind that preliminary 
estimates of the space required are often 
too small. 
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9. When in doubt, use sketches instead of identify them when first used or in a special 
tabulations. table. 

10. Avoid crowding: It is one of the most com- 24. Use explanatory notes when they are perti-
mon mistakes. If helpful, use several right- nent. 
hand pages for descriptions and sketches to 25. Do not erase measured data-lines of a 
match a single left-hand page of tabula- sketch can be deleted in the field. 
tions, and vice versa. 

26. Run a single line through an erroneous 
II. If clarity is thereby improved, exaggerate number and record the correct value above 

details on sketches. or below it. 
12. When possible, line up descriptions and 27. To void a page, draw diagonal lines from 

sketches with corresponding data. For ex- opposite comers and letter VOID promi-
ample, the beginning of a bench-mark de- nently without obscuring a number or any 
scription should be on the same line as its part of a sketch. 
elevation. 

28. Letter COPY in large letters diagonally on 
13. Keep tabulated figures inside and off the copied notes but keep the lettering off a 

column rulings with decimal points in line sketch or any numbers. 
vertically. 

29. Run notes down the page except on route 
14. Place a zero before the decimal point for surveys where they progress upward to 

numbers smaller than one-i.e., record agree with sketches made while looking in 
0.67 instead of just .67. the forward direction. 

15. Record notes in an order that will facilitate 30. Review the notes, make all possible arith-
office computations and mapping. For ex- metic checks, compute closures and error 
ample, in stadia topography, number and ratios, and record them before leaving the 
read detail points in a clockwise rotation. field. On large projects employing several 

16. Letter measurements parallel with or per- parties, satisfactory closures indicate com-
pendicular to sketch lines so they cannot pleted work and facilitate assignments for 
be misunderstood. Machine-drawing type the next day. 
dimension lines are rarely used in survey-

3I. Place a north arrow at and pointing to the 
ing sketches. 

top or left side of every page if possible 
17. Show the precision of measurements by since notes and drawings are read from the 

recording significant zeros. Enter 2.60 in- bottom or right side. A meridian arrow 
stead of 2.6 if the reading was actually must be shown. 
determined to hundredths. 

32. Title and index each project. Cross-
18. Do not try to change a recording error by reference every new job or continuation of 

writing one number over another to trans- a previous one by the client's organization, 
form a 3 to a 5, or a 7 to a 9. property owner, and description. 

19. Record what is read. Never "fudge" obser- 33. On all original notes, sign surname and 
vations or closures. Surveying is an art and initials in the lower right comer of the 
science. Art can stand retouching, science right-hand page. This is equivalent to sign-
cannot. ing a check and accepting responsibility 

20. Record aloud numbers given for recording. for it. 
For a distance of 172.58, call out "one, 
seven, two, point five, eight" for verifica-
tion. 

2-8. ADDITIONAL BASIC 2I. To eliminate gross errors, make a mental 
NOTE FORMS estimate of all measurements before receiv-

ing and recording them. 

22. Show essential computations made in the Additional noteforms covering basic and more 
field so they can be checked later. advanced surveying operations are illustrated 

23. For compactness, employ conventional in Figures 2-5 through 2-16 (pp. 13-18) and in 
symbols and abbreviations. If not standard, later chapters. They can serve as examples on 
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Figure 2-5. Differential leveling, three-wire. 
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SURVEYOR'S CERTIFICATE 

THIS CORNER RECORD WAS PREPARED BY ME OR UNDER MY 

DIRECTION IN CONFO,MANCE WITH THE LAND SURVEYORS ACT 

ON LJecem..tJer 4, 19 75 

L.S. "RCSI:~:' :J!if!tf:t2tlfrQns PC 

SEA.L 

COUNTY SURVEYOR'S CERTIFICATE 

TH.IS CORNER RECORD WAS RECElVED _____ ,. 

AND EXAMINED AND FILED ______ 19 
8Y, ____________ _ 

TITLE, ____________ _ 

DOCUMENT No. _____ _ 

STATEMENT ON BACK OF SHEET 
YESo NoD 

Figure 2-15. Corner record, 

which more complicated and special survey 
forms are built, with individual preferences 
exercised. Preprinted and more advanced 
types used by various agencies and organiza-

tions are included in pertinent chapters. All 
figures in this chapter except 2-3 and 2-4 are 
excerpted from Notefarms for Surveying Measure­
ments. 
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3----
Measurement Errors 

Bro. B. Austin Barry, FSC 

3-1. INTRODUCTION 

Surveying is the art and science of making 
measurements. The notion of "exact" mea­
surement, of "perfect" result, of "accurate" 
work is quickly dispelled when trying to dupli­
cate an angle or distance measurement or 
difference of elevation. It is also evident when 
different people make the same measurement. 

3-2. READINGS 

Generally, when reading any graduated scale, 
the final digit is estimated-an appraisal of 
the distance between fine-scale graduations, 
such as 6.27 in Figure 3-1. This can be the end 
of a 50-ft tape, with graduation in tenths and 
half-tenths also marked, or a rod reading taken 
for elevation of a point. 

Note that 6.27 would be the estimate of 
most observers, not 6.26 or 6.28, though these 
figures would almost surely be estimated by 
some others. Obviously, if extra care is war­
ranted, a scale with finer graduations-say, 
to thousandths-might be used and the read­
ings made with a magnifier, probably to ten­
thousandths of a foot. Such readings, if re­
peatedly made by an observer or observers, 
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might vary more widely in the last digit (esti­
mated). Such readings made to ten-thou­
sandths instead of hundredths are more accu­
rate than those of Figure 3-1, and the appar­
ently wider fluctuation in the last place is not 
nearly as serious. 

3-3. REPEATED READINGS 

Assume a series of observed readings using the 
fine graduations and magnifier that permits 
readings to ten-thousandths of a foot (see Table 
3-1). If the readings had been taken to thou­
sandths only, all would have been listed as 
6.276; if to hundredths, 6.28; if to tenths only, 
6.3 units. In this case, the best value attainable 
is the arithmetic mean or average of the set. It 
would be recorded as 6.27603 or perhaps 
6.2760 units. 

It is never possible to obtain absolutely cor­
rect fourth- or fifth-decimal-place figures in 
the example simply because the method of 
measuring is not sufficiently refined. An exact 
value does exist but cannot be identified. The 
objective is to get what may be termed a best 
available result by refined measurements and 
techniques of successive readings. 
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Figure 3-1. Interpolation. 

3-4. BEST VALUE 

Because an average is the "best available 
value," it can be used, although without assur­
ance that it is correct or incorrect. Since in a 
set of measurements the true answer is un­
known, it must be concluded that the mean 
value-and, in fact, any of the 10 measured 
values in Table 3-1-contains an error. In this 
context, "error" means the difference be­
tween a measured and true (or correct) value. 
Note that this does not apply to a "count" of 
bolts, cans, cartons, etc. 

Results differ, perhaps only slightly, but it 
means no measurement in a set can be se­
lected as the correct figure or exact result. By 
examining the range of measured values, the 
worst oneS can be eliminated and those re­
tained that cluster close together. It is the 

Table 3-1. Repeated readings 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

6.2763 
6.2757 
6.2761 
6.2760 
6.2761 
6.2758 
6.2760 
6.2764 
6.2759 
6.2760 

Mean = 6.27603 
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mean or average of these more reliable 
bunched values that is logically accepted as a 
"best" value. 

3-5. ACCURACY AND PRECISION 

Accura0' is descriptive of exactness or trueness 
of a measurement, its correctness. Precision, on 
the other hand, describes the closeness to one 
another of several measurements for the 
quantity. It speaks of the measurer's care and 
acumen and the instrument quality. Precision 
is revealed only by repeating measurements 
and then observing discrepancies among the 
results and variations of each from the set's 
mean. 

3-6. ERRORS IN MEASUREMENT 

In surveying, many measurements of quanti­
ties are made. Each contains errors: systematic 
(cumulative) and accidental (random). It is never 
possible to find a correct or true value for the 
quantity being measured, as opposed to counts 
of chaining pins, plumb bobs, level rods, etc. 
However, a reliable value is obtained if system­
atic errors are corrected and accidental ones 
studied for sign and size. 

3-7. SYSTEMATIC ERRORS 

Systematic errors in a measurement are pro­
portionate to some influencing cause. When 
evaluated for size and sign, they can be cor­
rected and eliminated. 

Example 3-1. A lOO-ft steel tape standard at 
68°F will be shorter when used at 28°F by an 
amount 

Et = kL i1t = (0.00000645)(100.000)(68 - 28) 

= 0.0258 ft 
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When used to layout a 560-ft length on 
construction, the required distance is 

560.000 + (5.60)(0.0258) = 560.000 + 0.1445 

= 560.144 ft. 

For the same temperature conditions, a 
taped measurement between two fixed hubs 
on the job that is reported as 346.842 ft 
must be corrected by 

Et = (0.00000645)(346.842) 

X (68 - 28) = 0.0895 ft 

The corrected field length is 346.842-
0.0895 = 346.753 ft. 

Example 3-2. A reading on a distant level rod 
is affected by earth curvature and atmos­
pheric refraction ECR = 0.574 ft (M 2), 

where M is miles. If the reading seen from 
325 ft is 6.354, the corrected rod result 
equals 6.354 - 0.574(325/5280)2 = 6.352 
ft. 

Example 3-3. If a velocity meter or pressure 
gauge Js calibrated and found to consis­
tently read 10% high, all readings can be 
corrected by 10%. In a similar way, the 
vertical circle index error of a transit can be 
applied to each vertical angle reading as a 
correction. 

Systematic errors also can be corrected by 
compensation procedures or devices. 

Example 3-4. In extending line AB on the 
ground to a point C by setting up a transit 
on B, backsighting to A, and plunging the 
telescope to set C, a maladjustment of the 
transit might place C to the left of its proper 
location. By repeating the procedure, start­
ing with inverted telescope, point C will fall 
to the line's right. Correct placement of 
point C is midway between the two. 

Example 3-5. In differential leveling, an in­
strument whose line of collimation is not 

parallel to the bubble-tube axis will give 
correct results if the foresight and backsight 
distances are kept equal, thus compensating 
in each pair of sightings for instrument 
error, as well as curvature, and refraction. 

Example 3-6. In using electronic distance­
measuring instruments (ED MIs), the veloc­
ity of light is affected by air temperature, 
atmospheric pressure, and vapor pressure, 
so distances must be corrected by a calcu­
lated sum. To correct directly for length 
errors, it is possible to modulate the EDMI 
circuitry for meteorological and environ­
mental conditions. 

For any measurement to give a true value, 
all systematic errors must be identified, ana­
lyzed, and corrected. Every source should be 
examined, since systematic errors can be natu­
ral, personal, or instrumental. Until all are 
isolated and corrected, accidental-error theory 
has no application. All that follows assumes 
systematic errors have been eliminated by 
proper corrections. However, note that evalu­
ating and applying a correction still leave room 
for accidental errors. 

3-8. ACCIDENTAL ERRORS 

Accidental errors in measurements are ran­
dom in nature, probably small rather than 
large, and equally liable to be plus as minus. 
They do not accumulate, but are partly com­
pensating in nature. Logically, by repeating a 
measurement and calculating the mean (aver­
age) of several measurements, a safer and bet­
ter value for the quantity is secured. 

3-9. ERRORS VERSUS VARIATIONS 

Because accidental errors are random and un­
predictable, they cannot be evaluated or quan­
tified; thus, corrections to counteract them are 
indeterminate. Making successive measure-



ments, however, and comparing the results 
disclose differences in values. Studying the 
mean of a set of several values and their varia­
tions v from the mean indicates the reliability 
of each value. It is logical to assume unseen 
and unknowable errors x behave like visible 
and understandable variations v, so the mean 
of many measurements should be close to the 
quantity's correct value. Reliance is placed on 
variations to judge the mean value's nearness 
to truth. 

3-10. DISTRIBUTION OF 
ACCIDENTAL ERRORS 

A large set of measurements of a quantity can 
be represented in a bar graph called a his­
togram (Figure 3-2). Connecting the bar tops by 
a faired curve, a frequency distribution curve, 
permits visual representation of the measure­
ments and their variation from the average or 
mean. Observation shows that 

1. Small variations from the mean value occur 
more frequently than large ones. 

2. Positive and negative variations of the same 
size are about equal in frequency, rendering 
their distribution symmetrical about a mean 
value. 

3. Very large variations seldom occur. 

These three characteristics can be seen in Fig­
ure 3-2, where variations are plotted. The three 

> u 
c ., 
" C' 
~ 
IL 

100 

o 

MeasumnentErrurs 23 

are also characteristics of accidental errors, for 
the very existence of variations is explainable 
only by the presence of accidental errors in 
measurements. Therefore, it is not only con­
venient but also permissible to speak almost 
interchangeably of variations and errors. 

The normal or Gaussian distribution is the 
most important of many possible distributions, 
since it has a wide range of practical applica­
tions. It is sometimes called the bell-shaped 
distribution, which typifies measurement dis­
tributions in practice. The histogram and fre­
quency curve of Figure 3-2 are symmetric and 
shaped like a bell, thus that indicating the set 
of measurements is a normal distribution. The 
following mathematical model adequately de­
scribes such a distribution: 

The plot of this is called the normal distribution 
curoe; if the height of the curve is standardized 
so that the area underneath it is equal to 
unity, then the graph is called a probability 
curve (Figure 3-3). 

Focusing on the three obvious variation 
traits, Figure 3-4 depicts a set of several mea­
surements of a quantity-say, the distance 
taped between two monuments. The true but 
unknowable length is indicated as "true 
value," with an error Xi' and the measure­
ment's mean is shown with its variation Vi' The 
average error, while unknown, is shown as 

Figure 3-2. Histogram with su­
perimposed frequency distribution 
CUIVe. 
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Figure 3-3. Normal distribution curve. 

Lx/n. Although surveyors and engineers can 
never equate a variation from the mean Vi 

with an error Xi' the pattern of occurrence of 
errors (invisible, unknown) is reasonably as­
sumed to follow that of variations (visible, 
knowable). It is seen that 

X 
(arithmetic mean) 

Xo 
(true value) 

Ex 
n 

(mean error) 

(3-2) 

Values of me~suremenl 

and also 

Vi 

(any variation) 
Xi 

(corresponding error) 

Ex 
n 

(mean error) 

(3-3) 

When n is larger, it signifies that the mean 
measured value X is closer to the true value 
(mean of the population). It is also apparent 
that variations then become more nearly equal 

..---True value, Xo 

-s::: -
Ex - = Average error 

n I I I 
Vi = Variation from 

mean 

I 
Xj = Error 

I _ 
Mean value, X 

Normal distribution 
curve 

Any single value I 

Measurement values 

FJgUre 34. Relationship between error and variation. 
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to errors. Though the true magnitude of a Table 3-2. Measure of precision for set A 

measured quantity is never determinable, it 
can be ascertained as closely as required by 
taking enough measurements. If the range of 
variations narrows to a small value, the range 
of errors also constricts, rendering the mean 
value X predictably close to the true one Xo' 
This hypothesis enables observers to speak 
confidently of true value and true error. 

3-11. STANDARD DEVIATION 

A practical indicator used to describe the reli­
ability or worth of a set of repeated measure­
ments is the standard deviation, defined as 

(3-4) 

Thus, if n measurements of a quantity are 
obtained, each made in the same manner, the 
mean value of the set can be employed and 
given a degree of acceptance by citing the set's 
standard deviation. Table 3-2 (see p. 25) illus­
trates the computation of precision for a set of 

0.40 

0.30 

K 

0.20 

0.10 

0 - 3.0 -20-1.0 .. 

I. 
. I 
I~ 

Measured Variation 

Value v v 2 

165.861 -0.003 0.000009 
165.866 +0.002 0.000004 
165.860 -0.004 0.000016 
165.864 0.000 0.000000 
165.863 -0.001 0.000001 
165.865 +0.001 0.000001 
165.864 0.000 0.000000 
165.863 -0.001 0.000001 
165.863 -0.001 0.000001 
165.866 +0.002 0.000004 

---
165.864 
Mean Lv 2 = 0.000037 

0.000037 
0; = ± (10 - 1) 

= ±0.002 

Best value (mean) = 165.864 
Measure of precision IT, = ± 0.002 

10 measured values. Today, good hand calcu­
lators perform this task easily through the keys 
marked L + , X, and (J'. 

Statistical theory, borne out by extended 
measurement observations, enables helpful 

2.2070 
0 

~1.0 2.0 2.0 
68.3070 I 

·1 .I 95.5% 

99.7% 

Figure 3-5. Characteristics of the normal distribution curve. 
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conclusions about a set of measurements. The 3·12. 
normal distribution curve (see Figure 3-5) has 

USES OF STANDARD 
DEVIATION 

the following characteristics: 

1. The area beneath the entire cmve is unity or 
100% probability that all measurements will 
fall somewhere in the culVe's range. 

2. The area beneath the cUlVe bounded by 
± IT, is 68.3%, and ± IT, is the 68.3% 
"error." 

3. The area beneath the cUlVe bounded by a 
± 2 IT, is 95.5%, i.e., ± 2 IT, represents the 
95.5% "error." 

4. The area beneath the cUlVe bounded by 
±31T, is 99.7%, so ±3u. defines the 99.7% 
"error. " 

Stated differently, another measurement 
should fall with a 68.3% probability within the 
± u bounds; a 95.5% probability between 
±2u; and a 99.7% probability inside ±3u. 
These limits are referred to as a one-sigma or 
68.3% confidence level, a two-sigma or 95.5% 
confidence level, and a three-sigma or 99.7% 
confidence level. Values used for other confi­
dence levels are given in Table 3-3. 

There is a practical use for standard deviation 
in comparing sets of measurements of a quan­
tity. 

Example 3-7. Comparing set A (Table 3-2) 
with set B, we obtain 

SetA: 165.864 ± 0.002 

Set B: 165.867 ± 0.006 

The standard deviation for set A suggests it 
is a better one, although both have validity. 
Now assume the following two additional 
sets: 

Set C: 165.862 ± 0.007 
Set D: 165.864 ± 0.004 

To find the weighted mean of all four sets, 
a weight is accorded each set proportional 
to the inverse square of its standard devia­
tion. Of the four, it is clear the greatest 
confidence can be placed in set A, the least 
in set C. 

Set X 0; Weight Factor Weight Wt(X - 165.860) 

A 165.864 ±0.002 0/0.002)2 = 250,000 12.25 
B 165.867 ±0.006 0/0.006)2 = 27,778 1.36 
C 165.862 ±0.007 0/0.007)2 = 20,408 1.00 
D 165.864 ±0.004 0/0.004)2 = 62,500 3.06 

17.67 

Weighted mean = 165.860 + 0.073/17.67 = 165.860 + 0.004 = 165.864 

Table 3-3. Size of error in a single measurement of a set 

Certainty 
Name of Error Symbol Value (%) 

Probable Ep 0.67450; 50 
Standard deviation 0; 1.0u2 68.3 
90% error E90 1.64490; 90 
Two-sigma or 95.5% error 20; 20; or 3Ep 95.5 
Three-sigma or 99.7% error 30; 30; 99.7 
Maximum* Emax 3.290; 99.9 + 

0.049 
0.010 
0.002 
0.012 

0.073 

Probability 
of Larger 

Error 

1 in 2 
1 in 3 
1 in 10 
1 in 20 
1 in 370 
1 in 1000 

·Some authorities regard the 95.5% error as the "maximum error."' Neither view is absolutely correct, since the theoretical 
maximum error is ±oo, which does not occur in practice. It is, then, a good practical decision to use the 95.5 or 99.9+% error 
as the "practical" maximum that is tolerable. 



Another practical use for standard devia­
tion is to determine whether one set of 
measurements is significantly different from 
another set. If the discrepancy between the 
means of the two sets is not more than twice 
a value called (TDIFF' they can be accepted 
as measurements of the same quantity. 

Example 3-8. Suppose two sets are compared 
as follows: 
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Set E: 165.848 ± 0.006, 

UDIFF = "';(0.006)2 + (0.010)2 

Set F: 165.867 ± 0.010, 2UDIFF = 0.024 

0.019 (difference) 

Conclusion: Set E is not significantly different 

from set F, since 0.019 is not more than twice 
(TDm (= 0.024). Therefore, sets E and F can 
be regarded as valid measurements of the same 
quantity, and inspection indicates they can be 
combined in the weighted mean procedure. 

Set X 0; Weight Factor Weight ~(X - 165.860) 

A 165.864 ±o.o02 250,000 25.0 0.100 
B 165.867 ±0.006 27,778 2.8 0.020 
C 165.862 ±0.007 20,408 2.0 0.004 
D 165.864 ±0.004 62,500 6.2 0.025 
E 165.848 ±0.006 27,778 2.8 -0.034 
F 165.867 ±0.010 10,000 1.0 0.007 

39.8 0.122 

Weighted mean = 165.860 + 0.122/39.8 = 165.860 + 0.003 = 165.863 

3-13. VARIANCE AND STANDARD Other measures exist, but are not covered 
DEVIATION here: 

Variance is another measure of scatter among 
measured values in a set of measurements. 
Preferred by some users, it is simply the square 
of the standard deviation; thus, 

Ev 2 

Variance = 0: 2 = (3-6) 
S (n - 1) 

Comparing the four sets in Section 3-12, for 
instance, would show the following: 

Set Variance V 

A 0.000004 or 1/250,000 
B 0.000036 or 1/27,800 
C 0.000049 or 1/20,400 
D 0.000016 or 1/62,500 

1. Standard error of the standard deviation = 

±u./&. 
2. Standard error of the variance = ± 0; 2&. 
3. Standard error of coefficient of variation = 

V/&. 
4. Standard error of the median = 1.250;/ rn. 

3-14. USE OF STANDARD 
SPECIFICATIONS FOR 
PROCEDURE 

In measurements of any kind, reliance is 
placed on an established procedure that has 
been used repeatedly, many hundreds of times-, 
to establish the validity of results. Thus, when 
standard specifications for a task are followed, 
only a limited number of measurements is 
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needed to be certain the standard deviation 
from a shortened set is acceptable. Experience 
shows a larger number of measurements does 
not give a greatly different result for the mean 
or average value of the set. 

Confidence inspired by following a fixed 
procedure or specifications also applies to in­
struments used in making measurements. A 
specific EDMI is advertised to give distances 
accurately to ± (5 ppm + 4 cm) because many 
thousands of test observations were made by 
the manufacturer. Thus, any measurement 
with this instrument by experienced personnel 
can be accorded the same accuracy. For in­
stance, a length measured as 1543.02 m has an 
error value of ± (0.0077 + 0.04) = ± 0.048 m. 
This is properly regarded as the standard devi­
ation of the measurement. The measurement 
precision can be stated as ±0.048/1543 or 1 
in 32,100. 

Example 3-9. The Kern DM502 accuracy has 
improved from ±(5 mm + 5 X 10-6 D) to 
±(3 mm + 5 X 10-6 D) by recent techni­

cal advances. These limits are the one-sigma 
(68.3%) values obtained by analysis of many 
measurements. Using this instrument in the 
prescribed manner assures it is part of the 
large family or population of measurements 
already made and thus able to share in that 
established reliability. 

3-15. DISTRIBUTION OF 
ACCIDENTAL ERRORS 

Virtually all surveying measurement errors 
conform to a pattern called normal distribu­
tion. The theoretically perfect normal distri­
bution (normal probability curve) shown in 
Figure 3-3 is the plot of equation 

(3-7) 

the familiar bell-shaped curve. It is symmetri­
cal, with flatness or peakedness dependent on 
error sizes (variations from true value). 

Natural phenomena and surveying mea­
surements follow the same law of normal 

Gaussian distribution for heights of 17-year­
olds in a school system; weights of apples gath­
ered from a single tree; weights of babies at 
birth; and repeated distance, angle, or level 
measurements. Other distribution patterns re­
sult from imposed influences and are mostly 
Poisson distributions. Examples are the arrival 
of ships or trains, traffic grouping on a street, 
incidence of storms, telephone demand, and 
road accidents. Plotting Poisson distributions 
or predicting results is not possible by the 
methods used here, which depend on normal 
(natural, uninfluenced) distribution. 

To study a large set of surveying measure­
ments, plot them as a histogram (bar graph) 
and superimpose a curve connecting the tops 
of the bars (see Figure 3-2). If this curve looks 
bell-shaped, its normally distributed results es­
tablish confidence that the rules of probability 
are fulfilled. 

3-16. PLOTTING THE NORMAL 
PROBABILITY CURVE 

To facilitate comparison, the normal probability 
curve can be plotted at a scale consistent with 
the histogram. The normal distribution equa­
tion is rendered in the form 

KnI 
y=­

u, 
(3-8) 

where I is the class interval, and the following 
values of K are used: 

x K 

x (mean) 0.39894 
x ± 0.50; 0.35206 
x ± 1.00; 0.24197 
x ± 1.50; 0.12953 
x ± 2.00; 0.05399 
x ± 2.50; 0.01753 
x ± 3.00; 0.00443 
x±oo 0.00000 

(If individual values are used. I = 1; if grouped by 2s or 5s. 
etc., I = 2 or 5, etc.) 

Example 3-10. In testing an automatic level 
instrument, the marker recorded a set of 



439 rod readings, with the mean X = 

6.5782 and ~ = ±O.00304 ft. The ordi­
nates for the superimposed normal distri­
bution curve are 

x y 

x (mean) 57.5 
x ± 0.50; 50.8 
x ± 1.00; 34.9 
x ± 1.50; 18.7 
x ± 2.00; 7.8 
x ± 2.50; 2.5 
x ± 3.011, 0.6 
x±oo 0.0 

The normal curve superimposed on the 
histogram (Figure 3-6) shows a quite good fit. 

3-17. MEANING OF STANDARD 
DEVIATION 

The U. indicates that any next measurement 
introduced in this set should, with 68.3% cer­
tainty, fall within the ± U. range of the mean 
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X. It pertains to this sample, not the popula­
tion as a whole. A sample, or set, representing 
the whole population distribution will have a 
mean value X, but not one equal to the true 
mean of the whole population. Nor will an­
other sample, or another, etc. Every set like­
wise has its own standard deviation, not that of 
the entire population, and unlike other sets 
(Figure 3-7). It is clear also that an average of 
the means of several sets will get closer to the 
population mean. The logic of this is that 
working with the whole population progres­
sively by sets, the average of all means must 
ultimately equal the population mean. It fol­
lows, therefore, that if the sample is larger, the 
mean of the sample will more likely approach 
the true value of the population mean. 

3-18. MEANING OF STANDARD 
ERROR 

The standard deviation of any set or sample of 
n items yields um = ± u./ rn, which is the 

o 
I 

Actual distribution 
curve, n = 439 

Normal distribution 
curve 

6.570 6.575 6.5782 6.580 6.585 6.590 

Value of rod reading (ft) 

Figure 3-6. Histogram of 439 rod readings with actual distribution curve and normal distribution curve plotted. 
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F.gure 3-7. Relationship of samples to population: a through e are the means of sets of 
individual measurements. 

standard error of the mean. This is a measure Thus, 
of the sample validity. It signifies that with 
68.3% confidence the set's mean lies within 
± Urn of the true value of the population mean, 
or with 95.5% confidence it lies within ± 2 Urn' 

etc. 
If several sample sets of measurements are 

taken from the same population, the sample 
means vary somewhat from sample to sample 
and will themselves form a sampling distribu­
tion (of X). The standard deviation of the 
group means is less than the a. of any sample. 
To find the standard deviation of the popula­
tion of measurements of a particular quantity, 
work from one set, assuming that the popula­
tion would, if entirely covered by samples, be 
found to have a mean value near that of the 
one sample, and a standard deviation of the 
means of all the similar samples repeated 
enough to cover the entire population. Recall­
ing that the variance of the set is U. 2 , then the 
variance of the means of sets is 

Variance (X) = variance (Ex1/n) 

= 1/n2 variance (Ex) 

But variance (x i) = U 2 for all i 

u. 
u. =-

m rn 
Although nature's distribution of apple sizes 

or men's weights may yield a mean value and 
standard deviation showing the whole popula­
tion's scatter, surveying measurements are 
different. Surveying measurements do not ex­
ist until they are made; they cannot include all 
possible measurements of an angle, length, or 
difference of elevation. Therefore, from one 
sample, use the mean and standard error as an 
indication of correct value-e.g., the mean of 
the population of measurements if all possible 
measurements were made. The Urn is an indi­
cator of the standard deviation of the popula­
tion, all based on a reasonable number of 
measurements in a single set. 

Example 3-11. Set A of Table 3-2 would yield 
Urn = ± (0.002/ /10) = 0.0006 ft. With 
68.3% assurance, the true value is within 
± 0.0006 of 165.864 (= X), or between 
165.863 and 165.865 ft. 

Example 3-12. In the 439 measurements of 
Example 3-10, the mean X is 6.5782 and 
U. = ± 0.00304. Then 

Um = ± O.00304/V439 



the "maximum" error (Table 3-3) is 3.29um 

or ± 0.000477, which gives a 99% confi­
dence that the true value lies between 
6.5777 and 6.5787 ft. Such a large number 
of measurements would be unlikely except 
in testing a procedure or developing a new 
instrument. 

2 3 4 
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Example 3-13. From records of some 30 sur­
veys of similar precision, a single mean value 
of difference of elevation is sought, along 
with a measure of its precision (accuracy). 
The following values are grouped randomly 
into six sets, size five, for study: 

5 6 The 30-Set 

3.717 3.622 3.651 3.775 3.611 3.697 
3.621 3.594 3.632 3.583 3.622 3.564 
3.753 3.609 3.661 3.656 3.527 3.595 
3.558 3.695 3.524 3.633 3.648 3.616 
3.675 3.659 3.623 3.577 3.706 3.639 

x 3.005 3.030 3.015 3.045 3.023 3.022 3.035 

0.060 
0.01l 

0; 0.077 0.041 0.055 0.080 0.065 0.050 
um 0.034 0.018 0.025 0.036 0.029 0.022 

Range bracketing the population mean with a 68.3% confidence: 
3.631 3.618 3.593 3.609 3.594 3.600 3.624 

to 
:1.040 

to to to to to to 
3.tJ\J\J 3.054 3.043 3.01ll 3.052 :1.044 

Anyone of the six X and um values is 
representative of the mean and standard devi­
ation of the whole population. For further 
comparison, the X and am values are shown 
for the 30 measurements regarded as a single 
sample set; it is seen that each of the ~ix 
smaller sets has a range that brackets the X 30 

(= 3.635). Further, each set's mean is a valid 
contender for the population mean, which 
can, of course, never be known for sure. This 

example also demonstrates that a small sample 
can and sometimes must be used, but a larger 
sample gives a more refined result. 

3-19. PLOTTING THE NORMAL 
DISTRIBUTION IN OTHER 
FORMS 

The shape of a normal curve (bell-shaped) 
depends on the standard deviation u., which 
spreads out the curve when it is larger. What­

ever the mean and standard deviation, how­
ever, one in three observations will lie beyond 
one standard deviation from the mean, one in 
20 beyond two, etc. Drawing the cumulative 
distribution curve in another form makes 

some things clearer. This is done by plotting 
"percentage-smaller-than" against values of 
the measurement. 

Example 3-14. A set of 16 angle measure­
ments, tallied in ascending order, (Table 
3-4), is indicated by percentages calculated 
on the basis of (n + 1) for reasons to be 
explained later. 

n = 16, calculated mean = 134°37'19.2l" 
n + 1 = 17, U, = ±03.48" 

Mean minus U, = 134°37'15.73" 

Mean plus U, = 134°37'22.69" 

This small array of numbers is grouped in 
ascending order with class width of 02" and 

a histogram plotted. Connecting the tops to 
form a frequency distribution curve (Figure 
3-8) shows it is not bell-shaped or satisfac­
tory. 

The 16 results are better portrayed on a 

cumulative frequency distribution curoe (the S­
curve, Figure 3-9). This curve can be held to 
virtually a straight line between the 15.8% and 
84.2% values (the ± U. limits) and made to 
pass through the plotted points in a "best-fit" 
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Table 3-4. Set of 16 angle measurements 

X f f % 

134°37'13.8" 1 1 5.9 
14.8" 1 2 11.8 
15.8" 1 3 17.6 
16.1" 1 4 23.5 
16.8" 1 5 29.5 
17.4" 1 6 35.3 
17.5" 1 7 41.2 
19.1" 1 8 47.1 
19.4" 1 9 52.9 
20.3" 1 10 58.8 
20.8" 1 11 64.7 
20.9" 1 12 70.6 
21.4" 13 76.5 
23.4" 14 82.4 
24.0" 1 15 88.2 
26.0" 1 16 94.1 

manner. Then the points outside this range, 
usually spoken of as the 15 to 85% range, will 
tail off to form an S-curve. Observing the 
curve at 50% shows the mean value, which 
should verifY that previously calculated. The 
15 and 85% points are values marking the 
68.3% limits of certainty. 

A still better way to plot a set of values is on 
arithmetic probability paper designed to plot 
any normal or Gaussian distribution as a 
straight line. There are two ways to use such 

-

Class Class 
Width Mean f 

13.5-15.5" 14.5" 2 
15.5-17.5" 16.5" 4 
17.5-19.5" 18.5" 3 
19.5-21.5" 20.5" 4 
21.5-23.5" 22.5" 
23.5-25.5" 24.5" 1 
25.5-27.5" 26.5" 

paper for a meaningful plot and examine the 
scatter: 

1. Plot the individual points, percentage­
smaller-than versus the actual values; draw a 
best-fi~ straight line, and read X (mean) at 
50% and the limits of U. at the 15.8 and 
84.2% lines. 

2. Calculate the mean and U. values, draw a 
straight line through them, and finally plot 
individual values to see how well they fit. 
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F.gure 3-8. Histogram and faired frequency distribution curve for set of 16 angle measure­
ments. 
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Figure 3-9. Cumulative frequency distribution curve for set of 16 angle measurements. 

Example 3-15. The 16 angle values are plotted 
(Figure 3-10) by method a and the curve 
drawn as a best-fit line. Percentages are 
calculated using (n + 1) in the denomina­
tor to plot the end pointCs) of the curve. 
Comparison of the angle measurements 
with those of Example 3-14 shows these 
results. From the plot on arithmetic proba­
bility paper, 

Mean = 134°37'19.2" , a. = 04.0" 

From calculation, 

Mean = 134°37'19.21" , a. = 03.5" 

The plotted points are seen to fit a faired 
straight line decently well, so they can be 
visually adjudged to conform with normal dis­
tribution and be accepted for any further sta­
tistical treatment. The scaled outlines of Fig­
ure 3-10 can be photocopied and used for 
arithmetic probability paper. 

3-20. PROPAGATION OF 
ACCIDENTAL ERRORS 

Basic to the combined effect of accidental 
errors is their tendency to cancel themselves 
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Figure 3-10. Plot of 16 angle measurements to find mean X and standard deviation 0; of the set. 

out (as likely to be + as -) and their propen­
sity to cluster about the mean-more fre­
quently small, seldom large. This gives rise to 
the law of compensation 

Etota1 = ± VEl + Ei + E~ + Ei + ... +E; (3-9) 

Example 2-16. If a 100-ft steel tape is cor­
rected for temperature to ± 5°F, a random 
error of ± 0.0032 ft results. Comparison 
with a standard tape may expose an error of 
± 0.002 ft. When applying tension within 2 

lb, there is a possible error of ± 0.0013 ft. 
Therefore, total effective error for each 
tapelength from these three sources is 

Etotal = ± VO.00322 + 0.0022 + 0.00132 

±0.0040 ft 

3-20-1. Addition 
When adding measured quantities having 

kn0wn errors, the error of the sum is 

Es = ± Je; + ei + e~ + ... +e; (3·10) 

Example 3-17. If the steel tape of the previous 
example is known to have a ± 0.0040-ft 
error each time it is used, the error in 
taping 1600 ft would be 

Es = ± b6(0.0040)2 = ±4(0.0040) 

= ±0.016 ft 

Example 3-1B. The error in the sum of two 
measured angles is computed similarly. 

Angle AOB = Is032'18.9" ± OS" 

Angle BOC = 67°17'4S.0" ± IS" 

Angle AOC = 82°S0'03.9" ± IS.8" 

(= ± VOS 2 + IS2) 

3-20-2. Subtraction 
The same rule applies as in addition, read­

ily understood by considering subtraction as 
negative addition: similar to Equation (3-10). 

Example 3·19. If a known line AB is 1867.857 
± 0.018 ft long and a segment AP on the 
line is taped to be 195.009 ± 0.010 ft, then 



the remaining segment PE is 

1672.848 ± (VO.018 2 + 0.0102 = ±0.02I) ft 

3-20-3. Multiplication 
When multiplying two or more measured 

quantities having accidental errors, this gen­
eral equation for relative errors applies 

Eproduct = ±A . B ( EAA )2 + (EBB)2 (3-11) 

Example 3-20. A field measured as 160.881 ± 
0.026 ft long by 75.007 ± 0.001 ft wide has 
an error in its area 02,067.20 ft 2 ) of 

( 0.026)2 (0.011)2 
± 12,067.20 160.881 + 75.007 

= ±2.63ft2 

3-20-4. Division 
The error in a quotient of two measured 

quantities is 

Example 3-21. If the area of the rectangular 
plot is somehow known to be 49,650 ± 10 
ft2 and the width dimension measured sev­
eral times is found to be 175.62 ± 0.46 ft, 
the calculated length dimension is 282.72 ± 
0.74 ft, since the error is 

±282.72 ( 10 )2 (0.46)2 
49,650 + 175.62 

±0.74 ft 

3-20-5. Other Operations 
The volume of a rectangular tank or bin 

whose three dimensions are measured has an 
error 

Evolume = ±L· W'H 

A cube, if all three sides are measured, will 
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side A is measured and the other dimensions 
are regarded as equal, the volume error is 

Evolume = ±A3/ (~ )2 X 3 

(3-14) 

The general form for error in raising to a 
power any quantity containing an error is 

Epower = ±AnJ n(: r 
±EA 'A(n-l)j; (3-15) 

The volume of a measured sphere, because 
only one dimension is measured, follows the 
power rule just given. 

Volume of sphere = t71"r 3 

Esphere = ± (vol) J n ( ; r 
413 

± -3-71"r 2Er (3-16) 

Example 3-22. Ifa sphere's radius is measured 
as 10.00 ± 0.08 ft, the calculated volume is 
4188.8 ft 3 and the error will be 

471" .~0.08)2 
Evol = ± ""3 103V 3~ 10) = ±58.0 ft 3 

The error in volume of a cylindrical tank 
can be found by first analyzing the area of the 
circular end, then working with it, the length, 
and the errors in both. 

Example 3-23. A cylindrical tank of diameter 
10.00 ± 0.02 ft is 30.00 ± 0.04 ft long. End 
area is inD2 = 78.540 ft2 and volume is 
78.540 X 30.00 = 2356.2 ft3. 

Earea = {ffl0.02)2 + 171"10 2 2 -- = 
- 1 10 

± (30.00)(78.540) 

±0.222 ft2 

X ( 0.222)2 (0.04)2 
78.540 + 30.00 
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The area of a right triangle whose altitude 
and leg are both measured has an area error 
computed similarly. 

Example 3 -24. The sides of a right triangle are 
measured as 100.000 ± 0.021 and 35.000 ± 
0.012 ft. Area is tab = 1750.00 ft2. 

Earea = ±tab 2( Eaa)2 + (Ebh)2 

= ±1750 ( 0.021 )2 + (0.012)2 
100 35 

(3-17) 

3-21. AREA OF A TRAVERSE 

The error in area of a closed traverse can be 
found similarly, using the relative accuracy con­
cept. If the traversing procedure prescribed 
for, say, a 1/5000 accuracy is followed, the 
area is obtained by multiplying total latitude 
by meridian distances. If we assume that a 
traverse area already obtained is 1,062,323 ft2 

and the sum of the latitudes equals 1867.812 
ft, the meridian distances total 

1,062,323/1867.812 = 568.753 ft 

The error ascribable to each factor is 

Elatitude = ± 1,967,812/5,000 = ± 0.374 ft 

Emeridian = ±568.763/5,000 = ±0.1l4ft 

Earea = ± 1 ,062,323 ( 0.374)2 + (0.114)2 
1,868 569 

±300.9 ft2 

Table 3-5. Summary table of traverse area error 

Order/Class linear Accuracy 

First 1/100,000 

Second/I 1/50,000 

Second/II 1/20,000 

Third/I 1/10,000 

Third/II 1/5000 

It may be noted that this is the same as 

Earea = ±(area) (_1_)2 + (_1_)2 
5000 5000 

±300.5 ft 2 

or, more simply, 

Earea = ±(area)(I/5000)V2 = ±300.5 ft2 

Had the traverse been run to 1/10,000 accu­
racy, 

Earea = ±(area)(I/lO,OOO)V2 = ± 150.2 ft 2 

Common traverse relationships between 
linear and area accuracies are given in Table 
3-5. 

3-22. ERRORS AND WEIGHTS 

Results obtained from different measurements 
of the same quality can be combined to find a 
weighted mean by assigning proportionately 
greater weights to measurements, or measure­
ment sets, that have smaller standard devia­
tions U. or smaller standard errors O'm' Weights 
should be inversely proportional to the square 
of the sigma quantities. 

Example 3-25. Several sets of linear measure­
ment are listed. It is desired to find the 
combined weighted mean. 

Area Accuracy 

(1/100,000)12 = 1/70,700 

(1/50,000)12 = 1/35,300 

(1/20,000)12 = 1/14,100 

(1/10,000)12 = 1/7070 

(1/5000)V2 = 1/3530 
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Set X 0; Weight Ratio Weight w w· (X - 387) 

A 387.071 ±0.025 (1/0.025)2 = 1,600 5.38 0.382 
B 387.126 ±0.042 (1/0.042)2 = 567 1.91 0.240 
c 387.080 ±0.019 (1/0.019)2 = 2,770 9.32 0.746 
D 387.112 ±0.058 (1/0.058)2 = 297 1.00 0.112 

17.61 1.480 

Weighted mean = 387.000 + 1.480/17.61 = 387.084ft 

Example 3-26. A weighted mean value of ele­
vation difference between two bench marks 
can be calculated if a set of U~vel runs by 

one party is combined with that of another 
party, each set being the result of several 
runs having a calculated standard deviation. 

Set X 0; Weight Ratio w w(X - 166) 

A 167.212 ±0.182 (1/0.182)2 = 30.190 1.000 1.212 
B 166.978 ±0.07l 0/0.071)2 = 198.373 6.571 6.380 

Weighted mean = 166.000 + 7.592/7.571 = 167.003 ft. 
(The unweighted mean would be 167.095 ft.) 

Example 3-27g. In differential leveling, one 
party made a run using second-order / class 
I methods, another followed the same route 
using third-order / class II methods. The 

Difference 
of 

Elevation Order/ Relative 
Set (m) Class Accuracy 

Q 41.0962 2nd/I ±l.0 

mm/K 

R 41.1076 3rd/II ± 1.3 

mm/K 

--
7.571 7.592 

weighted mean of the two results is found 
through the published relative accuracy 
values. 

Weight 
Ratio w w(X - 41) 

2 

C.~K) = ~ 1.69 0.1626 

(_1_) 2 = 0.59 1.3K K 1.00 0.1076 

2.69 0.2702 
Weighted mean = 41.0000 + 0.2707/2.69 = 41.1004 m. (The unweighted mean would be 41.1019 m.) 
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Example 3-28. A bench mark is to be estab­
lished using three different level runs fol­
lowing varied procedures and contrasting 
specifications. A weighted mean is required, 

with weights fixed inversely proportional to 
the square of the published relative errors. 
Distances in kilometers are shown. 

Run Elevation m k Order/Class Relative Error e Weight Ratio 1/e2 

A 46.1672 1.5 2nd/I ±1.0 mmv1.5 0.667 
= ± 1.225 

B 46.2107 2.0 3rd ±2.0 mm/2.0 0.125 
= ±2.828 

C 46.1810 1.5 2nd/II ±1.3 mmv1.5 0.395 
± 1.592 

Run Weight Weight (Elevation - 46) 

A 5.336 0.8922 
B 1.000 0.2107 
C 3.160 0.5720 

9.496 1.6759 

Weighted mean = 46.0000 + l.6759/9.496 = 46.1765 m 

3-23. CORRECTIONS 

Corrections for measured quantities should be 
inversely proportional to their weights, directly 
proportional to the squares of accidental er­
rors or standard deviations or standard errors. 

Instrument 
Point Type E 

A 70°13'50" 10-sec ±10" 
B 58°45'20" 20-sec ±20" 

E2 

Example 3-29. Angles of a triangle were mea­
sured with different instruments. Lacking a 
better guide, errors assigned to each point 
are the nominal capabilities of different 
instruments used at these points. 

Correction Adjusted 
Index Correction X 

100 1/41(40) = 01" 70°13'49" 
400 4 4/41(40) = 04" 58°45'16" 

C 51°01'30" I-min ±60" 3600 36 36/41(40) = 35" 51°00'55" 

180°00'40" 41 180°00'00" 



Example 3-30. A line AB is measured by 
first-order methods, and then again in two 
segments AC and CB by third-order meth­
ods. Adjusted values are needed for all three 

Line X 

AC 1416.912 
CB 687.901 

---
2104.813 

AB 2104.697 

Diff = 0.116 

*(I/5000X2104.813) = 0.421 
(l/20,OOOX2104.697) = 0.105 

Precision 
Fraction 

1/5000 
1/20,000 

Weighted mean = 2104 + 11.965/17 = 2104.704 

Since (AC + BC) must be adjusted down­
ward by (2104.813 - 2104.704 = 0.109) to 
equal this weighted mean, the two segments 
(proportionately) are 

AC = 1416.912 - (1417/2105){0.109) 

= 1416.839 

Constant X e2 

Inverse of(I/5000)2 = 40.0 X 10- 9 

Inverse of(l/20,OOO)2 = 2.5 X 10- 9 

Another way to arrive at these new values is 
as follows, noting that adjustments are made 

Segment 

AC+CB 
AB 

e 

0.421 
0.105 

* Adjustmen t calculations: 
(I/1.0625XO.1l6) = 0.109 

(0.0625/1.0625XO.1l6) = 0.007 
Sum = 0.116 

5.643 
90.70 

e* 

0.421 
0.105 
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measured distances. (The value of AB must 
obviously equal the sum of AC plus CB, 
finally.) 

5.643 
90.299 

w 

1 
16 

17 

w(X - 2104) 

0.813 
11.152 

11.965 

CB = 687.901 - (688/2105){0.1O9) 

687.865 

Sum = 2104.704 (check) 

The weight ratios could be obtained di­
rectly from the expressions of precision; thus, 

Weight Ratio (= l/e2 ) 

25 X 106 or 1 
400 X 106 or 16 

in inverse ratio to the weights: 

w 

16 

Adjustment Ratio 

1/1 = 1.0000 
1/16 = 1.0625 

1.0625 

Adjustment* 

0.109 
0.007 

0.116 
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3-24. SIGNIFICANT FIGURES IN 
MEASUREMENTS 

3-24-1. Exact Versus DoubHul 
Figures 

When a measurement is made, all digits in 
the result are exact if they are obtained by 
counting or finding a point that lies between 
two markers. Digits are doubtful when they 
result from estimating. Significant figures in­
elude all exact digits, plus a doubtful one. 
Several rules and conventions will be given. 

3-24-2. Use of Zero 
A zero is not significant when it serves 

merely to place the decimal. 

1. 0.00584 contains three significant figures, 
seen more clearly if written as 5.84 X 10-3. 

2. 34,000 mi has two significant figures, unless 
it is clearly intended that the value is exact. 
Writing it 3.4 X 104 is not common, but is 
better usage (scientific form), or as 34 X 103 

(engineering form). 

When used otherwise, a zero is significant. 

3. 4.6007, 9,1030, or 4100.0 each has five sig­
nificant figures. 

4. 0.076130 also has five significant figures and 
could well be written 7.6130 X 10-2 or 
76.130 X 10-3. 

3-24-3. Rules of Thumb for 
Significant Figures 

The following are reasonable rules and 
conventions: 

1. Unless some precision indicator is 
affixed-e.g., standard deviation-the usual 
interpretation for the last (doubtful) digit is 
plus or minus one-half a unit in the last 
column. Thus a measured length of 81.713 
means the range of uncertainty extends from 
81.7125 to 81.7135 units. 

2. Although use of only one doubtful figure in 
the final result is anticipated, it is desirable 
to use two doubtful digits throughout the 
calculation and round off only at the end. 

3. Adding and subtracting several measured 
values limit the result to show no more than 
the least valid item. The following examples 
are obvious: 

6.27 
4.3 

13.876 

24.4 

56.17 
11.036 

79.3015 

146.51 

367.796 
-28.7 

339.1 

4. In multiplying or dividing, the result must 
not be credited with more significant digits 
than appear in the term with the smallest 
number of significant figures, as shown here: 

6.7153 X 4.67 = 31.4 (not 31.360451) 

(86.85 X 104)2 

= 754.3 X 109 (not 754.29225 X 109 ) 

850.436/4.56 = 186 (not 186.499123) 

However, 8 and 9 are almost tw()..digit num­
bers, and occasionally an extra digit in the 
product is warranted; thus, 

9.703 X 4.07062 = 39.497 

(instead of just 39.50) 

5. Calculators sometimes convey a false sense 
of precision, so care must be taken to cut 
back and properly round off the final result, 
like this 

t(87.645 X 8.6305) 

= 756.42 or 756.420 (not 756.4201725) 

3-24-4. Rounding Off 
When dropping excess digits, raise the last 

one and retain it if the discarded quantity is 
greater than one-half, or leave it unchanged if 
the discarded quantity is smaller than one-half; 
thus, 

4.796 becomes 4.80 or 4.8 or 5 

8.512 becomes 8.51 or 8.5 or 9 



If the quantity to be discarded is exactly 5, 
round off the preceding digit to the nearest 
even value; thus, 

10.675 becomes 10.68 or 10.7 
10.685 becomes 10.68 or 10.7 
10.695 becomes 10.70 or 10.7 
10.705 becomes 10.70 or 10.7 
10.6749 becomes 10.67, and 
10.6751 becomes 10.68 

3-24-5. Using Exact Values 

The procedures described apply to quanti­
ties resulting from measurements. If exact val­
ues are implied in a statement-e.g., a 2000-ft 
radius curve-the number of significant digits 
is not limited. This and others are stated and 
discussed here. 

A field of 89,102.6 ft2 is properly converted 
to acres using the following exact conversion 
factor: 

89,102.6/43,560 

= 2.04551 acres (but not 2.04551423) 

If a 200O-ft radius is specified for a circular 
curve, this sets the degree of curve D at 

5729.577951 
( ) = 2.864788976° 

2000 exact 

or 2.8647890 to 8 digits 
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This comes from a ratio in the circle 

D (degree of curve) 100 ft 

27rR ft 

or R = 5729.577951/D 

With a good calculator, the value of 7T' is 
given to eight, nine, or 10 valid digits, and the 
2000 ft is implied to be equipped with an 
endless row of exact digits (zeros). Preserving 
these digits is necessary to find the length of a 
circular curve. Assuming an intersection angle 
of 43°47'34" = 43.79278° and a 2000-ft radius, 
we obtain 

Lc = 43.79278/2.864789 

= 15 + 28.656 (stationing designation) 

This requires seven digits, minimally, and in­
exactness can readily occur if the two angular 
values are carelessly truncated early on. 
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4----
Linear Measurements 

Kenneth S. Curtis 

4-1. INTRODUCTION 

Surveyors are fundamentally concerned with 
the measurement of horizontal and vertical 
distances and angles and, more recently, with 
direct positioning. These, then, are used in 
various combinations in traversing, triangula­
tion, trilateration, mixed-mode operations, 
mapping, layout staking, leveling, etc. 

Linear distance measurement can be achieved 
by (1) direct comparison measurement with a 
tape, either fully supported on the ground 
or suspended in catenary; (2) optical distance­
measurement methods by remote angular obser­
vation on a variable- or fixed-base length held 
horizontal or vertical, such as in tacheometry, 
stadia, or subtensing; and (3) electromagnetic 
distance instruments utilizing the travel time of 
radio or light waves converted to distance. 
This chapter covers direct tape measurement 
and optical distance measurement. Chapter 5 
discusses electromagnetic distance-measuring 
instruments (ED MIs). 

To a surveyor, the word distance usually 
refers to the horizontal length between two 
points projected onto a horizontal plane. Many 
measuring devices yield slope distances, which 
must be converted to horizontal. Maps and 
land areas are based on horizontal measure­
ments or dimensions. Whether to measure a 
distance by pacing, taping, stadia, or with a 
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highly accurate EDMI depends on the accu­
racy required, and this, in turn, depends on 
the purpose of the measurement. Only a per­
son thoroughly familiar with all types of mea­
suring techniques can choose the optimum 
and most cost-effective procedure. 

4-2. UNITS OF LINEAR 
MEASUREMENT 

Several methods are used to measure dis­
tances. They range from rather inaccurate es­
timates to very precise instrumental proce­
dures. Most early measurement units were de­
rived from physical dimensions associated with 
parts of the human body. For example, the 
cubit, digit, palm, hand, span, foot, yard, pace, 
and fathom can be traced to human anatomy. 
Many others, such as the rod, pole, perch, 
chain, furlong, mile, and league, are exten­
sions of these basic units (Table 4-1). Three 
barleycorns laid lengthwise equaled one inch, 
12 of them equaled one foot. Many old units 
have been discarded in favor of the basic ones, 
foot and meter. Much of the world has now 
converted to the meter-decimal system (SI 
units) as illustrated in Table 4-2. Numerous 
English-related countries, such as the United 
States, remain slow to completely convert from 
the foot (English) system. 
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Table 4-1. Units of length 

Inches Feet Yards Rods Chains Meters 
Unit (in.) (ft) (yd) (rd) (ch) (m) 

linch 1 0.08333 0.02778 0.00505 0.00126 0.02540 
1 foot 12 1 0.3333 0.0606 0.01515 0.3048 
1 yard 36 3 
1 rod 198 16.5 5.5 
1 chain 792 66 22 
1 mile 63,360 5280 1760 
1 meter 39.37 3.281 1.094 

The primary standard of length in the 
United States, the National Prototype Meter 
27, a 90% platinum and 10% iridium bar, is 
housed at the National Bureau of Standards 
(NBS) in Gaithersburg, MD. It is identical in 
form and material with the International Pro­
totype Meter deposited at the International 
Bureau of Weights and Measures at Sevres, 
France, and also with other national prototype 
meters distributed in 1889, in accordance with 
a treaty known as the Convention of the Me­
ter, dated May 20, 1875. The meter was origi­
nally conceived as 1/10,000,000 part of a 
meridional quadrant of the earth. 

In 1960, the official definition of the meter 
was redefined as a length equal to 1,650,763.73 
wavelengths in a vacuum of the radiation of 
the orange-red light of a krypton-86 atom. The 
International Prototype bar was abrogated in 
favor of a natural and indestructible standard 
thought to have an accuracy adequate for 
metrology'S modern needs. However, in 1983, 
the meter was redefined again as the distance 
traveled by light in a vacuum during 
1/229,792,458 sec. It is claimed that this new 

Table 4-2. Metric units of length 

0.1818 0.04545 0.9144 
1 0.25 5.0292 
4 20.1158 

320 80 1609.35 
0.199 0.04971 

definition allows the meter to be defined 10 
times more accurately and achieves the goal of 
using time, the most accurate basic measure­
ment, to define length. 

In the United States, since 1893, the yard 
has been defined in terms of the meter by the 
following relations: 1 yd = 3600/3937 m or 1 
m equals 39.37 in. exactly. This legal ratio is 
used to define the "U.S. Survey Foot." In 
1959, after several years of discussion, the 
United Kingdom and United States agreed to 
establish a new uniform relationship between 
the yard and meter as 

1 yard = 0.9144 meter exactly 

or 1 foot = 0.3048 meter (international foot) 

or 1 inch = 25.4 millimeter 

Since the new value of the yard is smaller by 
two parts per million than the 1893 yard, only 
in large-scale geodetic survey data is the dif­
ference important. 

The land-surveying profession is uniquely 
sensitive to metric system usage because many 
problems can arise in converting recorded 

Micrometers Millimeters Centimeters Decimeters Meters Kilometers 
Unit ( JLm) (mm) (cm) (dm) (m) (Jun) 

1 micrometer 1 0.001 0.0001 
1 millimeter 1000 0.1 0.01 0.001 
1 centimeter 10,000 10 0.1 0.01 0.00001 
1 decimeter 100,000 100 10 1 0.1 0.0001 
1 meter 1,000,000 1000 100 10 1 0.001 
1 kilometer 100,000 10,000 1000 1 
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measurements from nonmetric units to SI 
units. It may appear quite simple: Just use a 
30-m tape instead of a 100-ft tape. However, 
over several hundred years, land descriptions 
have been recorded in the English system of 
units or the Spanish vara (Table 4-3), and 
future generations may never completely get 
away from these historical units. 

For a fee, the metrology division of the NBS 
provides calibration of line standards of length 
and measuring tapes. Using Invar base-line 
tapes and highly accurate electronic distance­
measuring instruments, the National Geodetic 
Survey (NGS) has established nearly 200 cali­
bration base lines (CBLs) across the United 
States, providing a means to detect constant 
and scale errors in measuring instruments. A 
typical CBL layout consists of four monuments 
located at 0, 150, 430, and 1400 m, relatively 
positioned with accuracies approaching one 
part per million. 

4-3. DIRECT COMPARISON 
DISTANCE-MEASUREMENT 
METHODS 

4-3-1. Pacing 
Rough estimates of distances can be made 

by eye, based on experience in observing com­
monly used dimensions, such as 100 ft, 100 yd, 
or a city block. Distances can also be scaled 
from using a variety of map measures, maps, 
or aerial photographs. 

A better approximation is obtained by walk­
ing the distance with a natural or artificial 
pace. The length of a human pace varies and 
few can develop a 3-ft artificial place to mea-

Table 4-3. Units used in land measurements 

1 Gunter's chain (100 links) = 66 ft = 4 rods or poles 
or perches 

80 Gunter's chains = 1 mile 
1 vara = 32.993 in. in Mexico, 33 in. in California, and 

334- in. in Texas 

sure distances, without creating fatigue. 
Therefore, it is best to determine your natural 
pace by walking over a course of known length 
-300 to 900 ft-several times, to standardize 
the pace. 

Many factors can affect pace length, includ­
ing slope and roughness of the terrain, shoe 
weight and clothing type, pacing speed, fa­
tigue, and age. In addition, it is difficult to 
keep count of the steps. Sometimes, strides 
(two paces) are counted using a notched stick 
or mechanical tally register. A pedometer 
strapped to the pacer will automatically record 
the distance covered in miles after it has been 
adjusted to the wearer's pace. A similar instru­
ment, called a passometer, automatically records 
the number of paces. 

With a little ._,ractice, a good pacer can 
attain results within 1 % of the true distance 
0/100). No special equipment is required for 
its many practical applications, one of which is 
detection of blunders that can occur in taping 
or in other more accurate distance-measuring 
procedures. 

4-3-2. Odometer or Measuring 
Wheel 

The odometer is a device similar to the dis­
tance recorder in an automobile speedometer. 
It is attached to a wheel of known circumfer­
ence and rolled over the distance to be mea­
sured. Results obtained depend on the topog­
raphy and surface irregularities, but on level 
smooth ground may yield 1/200 accuracy. 
Measuring wheels serve as rough checks on 
more accurate measurements and can be use­
ful in reconnaissance and preliminary surveys. 
Wheels of 2, 4, or 6 ft in circumference are 
most popular. They include precision totaliz­
ers or counters, which can be reset; one model 
has a battery-powered electronic totalizer and 
an LCD counter (Figure 4-1). Some measuring 
wheels can be attached to a vehicle with a 
rear-mounted hitch, allowing longer distances 
to be measured while moving at speeds of up 
to 8 mph. 



FIgIU'e 4-1. Measuring wheel. (Courtesy of Rolatape Cor­
poration.) 

4-3-3. Folding Rules and 
Hardware Tapes 

Folding rules and short power tapes, some­
times referred to as hardware tapes, are vari-
0usly made, differently graduated (Figure 4-2), 
and used on all types of building construction 
sites. A rule, being stiff, can be held in any 
position desired whereas a tape is flexible and 
generally needs two people for measuring. 
Some tapes are graduated in feet, inches, and 
eighth-inch (or sixteenth-inch), or feet, inches, 
and decimals. Except on building construc­
tion, surveyors generally ignore inches and 
work in feet and decimals (tenths and hun­
dredths). Since some tapes are also graduated 
in metric units, surveyors need to carefully 
check the units before using any tape. 

4-3-4. Woven or Fiberglass 
Tapes 

The flexibility of woven or fiberglass tapes 
makes them extremely effective under many 
conditions where steel tapes are impractical. 
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Figure 4-2. Folding rule and short power hardware tape. 
(Courtesy of Lufkin and the Cooper Group.) 

However, due to moisture and temperature, 
all woven tapes are liable to shrink or stretch 
and frequently should be compared with steel 
tapes to determine their accuracy and actual 
measuring length. Woven tapes, usually 50 to 
150 ft long, are a combination of dacron fibers 
and coatings that have the stability of fiber­
glass and flexible strength of polyester. They 
feature high dielectric strength for safety on 
construction sites near high-tension circuits. 
One maker of woven nonmetallic tapes rein­
forces the first 9 in. of line with green plas­
tic-green indicating nonconductivity. Short 
tapes are normally enclosed in a case. Some 
cloth tapes have fine metal strands of wire 
woven lengthwise into their fabric and are 
truly metallic tapes. They should not be used 
around electrical units. 

A relatively new fiberglass tape, made of 
thousands of strands of glass fibers coated with 
polyvinyl chloride, is flexible, strong, noncon-
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ductive, and will not need a temperature cor­
rection (Figure 4-3). Under normal use, with 
tension lower than 5 lb, a correction to com­
pensate for elasticity is seldom required. When 
greater tension is applied, some small correc­
tions are needed; e.g., 0.02 in. per 3 ft at 11 lb 
and 0.04 in. per 3 ft at 22 lb. These tapes are 
avai,lable in lengths of 50 to 300 ft in a metal 
case or an on open-type reel. They are practi­
cal for locating details in mapping or checking 
reference distances. 

4-3-5. Steel and Invar Tapes 
The most common tapes used in surveying 

practice are steel ribbons (band chains) of con­
stant cross section, usually varying in width 
from i to ~ in. and in thickness from 0.008 to 
0.025 in. Normal lengths are 100, 200, or 300 
ft. Metric tapes of the same thickness and 
width usually are 30, 50, 60, or 100 m long 
(Figure 4-4). 

Graduations and identifying numbers are 
stamped either on soft (babbitt) metal previ­
ously embossed at the tape divisions or etched 
in the tape metal. Riveted, heavy-plated brass 
end-clips or rings provide a place to attach 
leather thongs, tension handles, or hooks to 
allow one person to make measurements unas­
sisted (Figure 4-3). Most steel tapes come on 
reels and are stored on them. If a reel proves 
awkward, the tape can be removed from it 
and, when not in use, wound up into 5 ft-Ioops 

to form a figure 8, and then "thrown" into a 
circle about 8 in. in diameter. The common 
100-ft steel tape weighs from 1 t to 2t lb, 
depending on thickness and width. If a steel 
tape gets wet, it should be wiped dry with a 
cloth and again with an oily cloth. Steel tapes 
are quite rugged, but if tightened with kinks in 
them, they break rather easily. 

Tapes are marked in many ways to satisfy 
user desires. For example, some tapes have the 
last foot of each end divided into decimals, but 
others have an extra subdivided foot added to 
the zero end. Tapes with an extra foot are 
called add tapes.. those without an extra foot 
are termed cut tapes. The latter type is becom­
ing extinct because the subtraction required 
for each measurement is a possible source of 
error. Several variations are available such as 
divisions subdivided through their entire 
length. Others have zero points about t ft 
from the end, or both end points at the outer 
edges of the end loops instead of being on a 
line itself. Before using them, surveyors must 
be completely familiar with the divisions and 
markings of all tapes. 

Steel tapes expand or contract due to 
changes in temperature. Nickel-steel alloy 
tapes, known as Invar (which has a coefficient 
of thermal expansion about 10 that of steel), 
Lovar, and Minvar, are used in high-precision 
surveying on geodetic base lines and as a 
standard of comparison for other working 

Figure 4-3. Fiberglass measuring tapes (in an open reel case and a metal case). (Courtesy of 
Keson Industries, Inc.) 
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Figure 4-4. Steel tape on open reel and Invar tape in wooden case. (Courtesy of Lufkin and the Cooper Group.) 

tapes. They are almost always wound on an 
oak plywood reel (Figure 4-4). The nickel-steel 
alloy tapes are relatively insensitive to temper­
ature, but the metal is soft, somewhat unstable, 
easily broken, and their cost is perhaps 10 
times that of ordinary tapes. 

Some tape equipment companies offer the 
option of a graduated thermometer scale, 
which corresponds to the tape contraction and 
expansion, as a variable terminal mark of the 
tape. The distance measured then depends on 
the prevailing temperature. Also, there are 
separate 6-in. wooden rules graduated with 
temperature corrections for 50- and 100-ft steel 
tapes. 

Another handy device is the topographic 
trailer tape (Figure 4-5), used in conjunction 
with an Abney hand level to obtain horizontal 
distances by measuring along slopes. The tape, 
approximately 2t ch long, is basically 2 ch 
plus a distance on the trailer equal to the 
number of graduations indicated by the topo­
graphic arc reading. The total length thus 
measured on a slope equals a horizontal dis-

Trailer Reading-----~ 

Figure 4-5. Topographic trailer tape. (Courtesy of Keufel 
& Esser Co.) 

tance of 2 ch (132 ft). If the same procedure is 
carried out by reading the tape's reverse side, 
the distance is 1 ch (66 ft). It is a perfect tape 
for surveyors, foresters, and mappers to get 
slope corrections. 

A device of historical importance in the 
United States is the Gunter's chain (Figure 4-6), 
which had extensive use in land surveying and 
the public land surveys during the 1700s and 
1800s. This basic chain was 66 ft long and 
divided into 100 parts or links. Each link was 
equal to 0.66 ft or 7.92 in. and made of heavy 

Figure 4-6. Gunter's chain. (Courtesy of Keuffel & Esser 
Co.) 
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wires connected by loops and three connect­
ing rings with end handles. Intermediate tags 
of various design identified every tenth link. 
The handles had a length adjustment feature 
to compensate for chain lengthening due to 
wear on the 600 to 800 connecting wearing 
surfaces. Distances were recorded in chains 
and links or chains and decimals; e.g., 20 ch 
12.4 lk or 20.124 ch. The Gunter's chain, 66 ft 
long, therefore, was 8~ of a mile (4 rods). Ten 
chains square is equal to 43,560 ft2 or 1 acre 
-a very useful system. 

Subsequently, an engineer's chain of 100 ft 
with 100 I-ft links was developed. Chains were 
replaced by development of the 100-ft steel 
tape. However, the chain unit remains a fun­
damental part of land-surveying practice, and 
a steel tape graduated in chain units is avail­
able. The term chaining continues to be used 
interchangeably with taping, even though a 
tape is used in the measurement. 

4-3-6. Taping Accessories 
To measure distances accurately with a tape, 

a number of so-called accessories are necessary 
or desirable. Although wooden stakes and tacks 
probably provide greater accuracy, chaining 
pins or taping arrows generally are used to 
mark the tape ends or intermediate points on 
the ground. They are also helpful as tallies to 
count the number of tape lengths in a given 
line. The pins, made of heavy steel wire, are 
usually 14 in. long, pointed at one end with a 
round loop at the other, and brightly painted 
with alternate red and white bands. A standard 
set consists of 11 pins on a steel ring or in a 
leather quiver, which can be attached to a 
surveyor's belt. Mter 1000 ft, the rear tapeper­
son is holding 10 pins if standard procedures 
are followed. 

Since steel tapes are calibrated to measure 
correctly when under a definite tension, for 
precise measurements a tension handle or spring 
balance is attached to one end of the tape and 
a desired tension or pull applied. They are 
also used to counteract the effect of sag when 
measuring without a fully supported tape. The 

usual spring balance reads up to 30 Ib in i-lb 
increments or 15 kg in t-kg calibrations. With­
out a tension handle, tapepersons have to esti­
mate the proper pull. 

Since tension must always be applied to a 
tape, especially at intermediate points, wrap­
ping it around one hand is not recommended. 
Instead, a tape clamping handle should be used, 
permitting tension to be applied by a scissors­
type grip, which does not slip or damage the 
tape. Without using a clamp, the tape could be 
slightly bent and kinked. Kinks, once intro­
duced, cannot be entirely straightened out 
and create weak spots where future fracture 
will likely occur. 

Plumb bobs are employed to place the tape 
directly over a point when the tape must be 
suspended above it. The commonly employed 
plumb bob is a fine quality, accurately cen­
tered brass bob that comes in various sizes, 
varying in weight from 6 to 18 oz, with a fine 
hardened steel point. All bobs provide for 
attaching a cord to the top; some carry re­
placement steel points in the bob. For conven­
ience, plumb bobs are normally carried in a 
sewn leather sheath and sometimes fastened to 
a gammon reel, which provides instant rewind 
of the plumb-bob string, up and down adjust­
ment, and an accurate sighting target (Figure 
4-7). 

Range poles are used to mark ground point 
locations and the direction of a line on which 
taping must proceed. They normally are 1 to 
1 t in. in diameter, either round, octagonal, or 
with deep corrugations to diffuse surface glare. 
Usually, they are 6 to 8 ft long or in multiple 
sections totaling perhaps 12 ft and equipped 
with a steel pointed shoe and shank. Made of 
wood, metal, or fiberglass, they are alterna­
tively painted red and white in I-ft, or 5O-cm, 
sections and can be used for rough measure­
ments. They are not javelins and should not be 
used to loosen rocks or stakes. Some equip­
ment companies offer a short tripod to sup­
port range poles. 

When striving for high accuracy, pocket ther­
mometers are used to obtain air temperature 
and, it is hoped, provide an adequate estimate 



Figure 4-7. Plumb bob fastened to a gammon reel. 
(Courtesy of Lietz Co.) 

of the tape temperature during measurement. 
A common type is 5 in. long with a scale 
reading to 2°F (from - 30°F to + 120°F), car­
ried in a protective metal case with pocket 
clip. There are also tape thermometers available 
that can be easily fastened directly to the tape 
and should ensure a more accurate tape tem­
perature. Several years ago, a company of­
fered a tape temperature corrector, a thermome­
ter mounted on the standards of a transit. It 
had a scale in decimals of a foot for tempera­
ture corrections to be applied to a 100-ft steel 
tape. Mter reading the thermometer, the 
tapeperson can measure long or short as indi­
cated. 

Tape..,-epair kits contain sleeve splices, a com­
bination hand punch and splicing tool, and 
eyelet rivets to facilitate field repairs of broken 
tapes. A simple and rapid method for emer­
gency repairs is also available, consisting of 
sheet-metal sleeves coated with solder and flux 
to be fitted over the broken ends and ham­
mered down tightly. Then, using heat from a 
match, the tape is securely fastened together. 
Repaired tapes should be used only on rough 
work. 
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To keep the tape ends at equal elevations 
when measuring over rough or sloping ter­

rain, a simple hand level is used. It consists of a 

bubble mounted on a metal sighting tube and 
reflected by a 45° mirror or prism into the 
tube so the bubble can be observed at the 
same time as the terrain. If the slope angle or 
percentage of grade is desired, an Abney-type 
hand level or clinometer with a graduated 
vertical arc attached to its side is available 
(Figure 4-8). 

Other taping accessories include detach­
able tape-end hooks with serrated face grips; 
tape-end leather thongs, tape rings or tape 
handles; and various size reels sometimes sold 
separately from the tapes. 

4-3-7. Taping Procedures 
Taping techniques and procedures vary be­

cause of differences that exist in kinds of tapes 
available, terrain traversed, project require­
ments, long-established practices, and per­
sonal preference. Regardless of the methods 
used, surveyors must be masters of their oper­
ations and fully understand the consequences 
of different techniques. Tapes are employed 
for two fundamental measurements: 0) to 
measure the distance between two existing 
physical points; or (2) to layout and mark a 
distance called for in plans, specifications, land 
descriptions, or plats. 

As pointed out earlier, a horizontal distance 
is the desired result. There are three basic 
methods of taping: (1) horizontal taping, (2) 
slope taping, and (3) dynamic taping (Figure 
4-9). In horizontal taping, the tape is held 

Ftgme 4-8. Abney-type hand level and clinometer. 
(Courtesy of Keuffel & Esser Co.) 
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horizontally and the end or intermediate 
points transferred to the ground or other sur­
face. In slope taping, the tape length, or a 
portion thereof, is marked on the inclined 
surface supporting it, the slope determined, 
and the corresponding horizontal distance 
computed. In dynamic taping, a sloping taped 
distance from a transit or theodolite spindle is 
measured along with the vertical angle, and 
the horizontal distance subsequently calcu­
lated. 

In all operations, careful attention must be 
given to proper tape support, proper align­
ment, use of correct tension, skill in handling 
plumb bobs and placement of pins, account­
ing for temperature variations, and any other 
factors that might affect accuracy of the result. 

4-3-8. Taping over Level 
Ground 

If we assume a level line void of tall grass 
and underbrush, the lOO-ft tape can be laid on 
the ground, thus fully supported throughout. 
Under these conditions, the proper tension, 
generally applied, is about 10 lb. If the ground 
is irregular or contains obstructions, the tape 
may have to be suspended in catenary, plumb 
bobs used, and more tension applied. 

A 

2 

To ensure a measurement is kept on line, 
range poles are placed at the terminal points 
and sometimes at intermediate ones, depend­
ing on terrain and visibility. The rear tapeper­
son keeps the head tapeperson on line by eye 
using hand signals or voice communication. If 
more accuracy is desired, a transit or theodo­
lite is used to maintain alignment. 

Taping can be accomplished by two people: 
a rear tapeperson and head tapeperson. The 
head tapeperson carries the zero end of the 
tape forward, aligns it, and after a 10-Ib pull is 
applied, marks the distance by sticking a tap­
ing pin at right angles to the tape but at 
approximately a 45° angle with the ground. 
This permits, if necessary, more exact plumb­
ing over the point with a transit or taping bob. 
As the measurement progresses, the taping 
pins are collected by the rear tapeperson and 
used as tallies to keep track of the full tape 
lengths. Careful attention should also be given 
to marking the zero and terminal points on a 
tape, which may be graduated in different 
ways. This is particularly important for, frac­
tional tape lengths. 

When the end of a line is reached, the head 
tapeperson stops and the rear tapeperson 
moves up to the last pin set. The tape is moved 
until a full foot mark is opposite the pin and 

B 

Method Course 
A-I 
1-2 
2-3 
3-4 
4-B 

Plumbing one end 
Dynamic taping 
Slope taping 
Plumbing both ends 
Level tape on flat ground 

Figure 4-9. Horizontal, slope, and dynamic taping. (Adapted from photo, courtesy of Lufkin and the Cooper 
group.) 



the terminal point falls within the end-foot 
length, usually subdivided into tenths and per­
haps hundredths. The rear tapeperson notes 
the foot mark number held, the head tapeper­
son's reading is subtracted, if using a tape 
having the first foot subdivided (a subtract or 
cut tape), or added if employing a tape with an 
additional subdivided foot (an add tape). Most 
taping errors or mistakes are made in measur­
ing the fractional tape lengths, or in keeping a 
correct tally of full tape lengths (Figure 4-10). 

4-3-9. Horizontal Taping on 
Sloping or Uneven 
Ground 

In measuring on sloping or uneven ground, 
it is standard practice to hold the tape hori­
zontal and use a plumb bob at one or both 
ends. More tension, usually 20 to 25 lb, must 
be applied in order to obtain a 100-ft horizon­
tal distance. Plumbing the tape above 5 ft is 
difficult, and wind can make accurate work 
impossible. Bracing both forearms tightly 
against the body reduces swaying and jerking 
the tape. 

When a full 100-ft measurement becomes 
impossible, it is divided into subsections of 
shorter lengths totaling 100 ft. Referred to as 
breaking tape, this is most important on steeper 
sloping ground. A hand level removes the 
guesswork from estimating whether the tape 
ends are at the same elevation. Taping downhill 
is preferable, since it is easier to set a forward 
pin with the plumb bob than to keep the rear 
end plumbed over a set pin with tension on 
the tape. 

r Chaining Pin +- Tack in Stake 

87 I 1:1 =!;=====~=======J:J! ':I' I:' O! linb':I' IJI ! 

r Chaining Pin 

c::===±t:==:=JI I I 
88 3 

(a) Adding Tape 

(b) Subtracting Tape 

o + 1 

Tack li~ ~t!a~~E ! ! I I 

1 0 

Figure 4-10. Reading partial tape lengths. (Courtesy of 
Brinker jWol£.) 
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4-3-10. Slope Taping 

Instead of breaking tape every few feet on a 

steep but uniform slope, it may be desirable to 
tape along the slope, determine the slope an­
gle with an Abney level or transit or the eleva­
tion difference, and then compute the hori­
zontal distance (see Section 4-3-12). Consider­
able practice is required for field personnel to 
do accurate taping in hilly or rolling terrain. 

4-3-11. Dynamic Taping 

Dynamic taping is similar to slope taping 
but is done from the transit horizontal axis 
(Figure 4-10) and is sometimes referred to as 
the transit-andfloating-tape technique. It is best 
accomplished with a fully graduated tape, 
sometimes on distances up to 200 or 300 ft. A 
transit is set up over the beginning mark and 
the first taping point established on line ahead. 
The head and rear tapepersons combine to 
measure and record the slope distance from 
the new taping point to the transit axis. A 
vertical angle is read from the transit and the 
horizontal distance calculated. The instrument 
is moved ahead to the first taping point, a 
second one set forward on line, and the pro­
cedure repeated. A person holding at mid tape 
shoul.d use a tape clamp to avoid kinking or 
bendmg the tape. This method is surprisingly 
fast, accurate, and permits measurements to 
be made across typical obstacles. 

By exercising strict attention to some basic 
concepts, surveyors can achieve a high degree 
of precision in taping. Several of the tech­
niques noted may be necessary to accurately 
meal!ure a distance of only several hundred 
feet. Another good practice is to measure each 
distance twice-forward and back-perhaps 
with a different tape. 

4-3-12. Systematic Errors in 
Taping 

The total error present in a measurement 
made in the field is equal to the algebraic sum 
of all random (accidental) errors and all sys-
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tematic errors contained therein. Every at­
tempt must be made to identifY any systematic 
errors and apply corrections to nullifY them. 
Systematic errors in taping are caused by the 
following conditions that may exist during 
measurement: 

1. Tape not its nominal length. 
2. Temperature of tape during measurement 

is not that at which it was standardized. 
3. Tension (pull) applied to the tape is not the 

same as that when standardized. 
4. Measurements were made along slopes in­

stead of in a horizontal plane. 
5. Tape was not fully supported throughout 

but in catenary (suspended with sag). 

To achieve a prescribed relative accuracy in 
taping measurements, the raw observed data 
have to be corrected to get the true or best 
length, since measurements are seldom made 
under ideal conditions; adjustments must be 
made for pull, temperature, and mode of sup­
port. 

Incorrect Length of Tape 

Although tapes are precisely manufactured, 
they become worn, kinked, stretched, or im­
properly spliced after breaks and should be 
checked periodically against a standard. This 
can be accomplished in several ways. Most 
surveying offices either have a special tape to 
be used only for checking or standardizing 
other tapes, or maintain permanent marks 
100.00 ft apart to check working tapes. 

For higher-precision work or to maintain a 
standard tape, the NBS will, for a fee, issue a 
certificate for a submitted tape, giving its 
length to the nearest 0.001 ft at 68°F (20°C) for 
any specific tension and support conditions. 
Also, various other governmental agencies 
maintain the capability to standardize tapes as 
a service to the public. The NGS has estab­
lished a number of base lines around the 
country where tapes and EDMIs can be cali­
brated by surveyors. 

Applying corrections caused by incorrect 
length of tape is a simple matter but should be 

carefully considered. Assume that the actual 
length of a 1OO-ft tape is 99.98 ft and a dis­
tance between fixed points measured with this 
tape was recorded as 1322.78 ft. Since each 
full tapelength was short by 0.02 ft, the correct 
length is 

(IOO.OO - 0.02) X 13.2278 = 1322.78 - 0.26 

= 1322.52 ft 

However, if a certain distance is to be estab­
lished, such as in staking out, with a tape 
known to be too short, the reverse is true, so 
add the 0.26 ft-i.e., layout a length of 1323.04 
ft. In approaching this problem of incorrect 
length of tape, Table 4-4 is useful in making 
the corrections. 

Correction for Temperature 

The coefficient of thermal expansion of the 
steel used in common tapes is 0.00000645 per 
unit length per 1°F. If the length of a tape is 
known at some standardized temperature, To 
(NBS uses 68°F or 20°C), the correction can be 
obtained from 

C t = 0.00000645 (Tf - T,) L (4-1) 

As an example, if a steel tape known to be 
100.00 ft long at a standardized temperature 
of 68°F is to be used in the field at 43°F (Tf ), 
the actual length of the tape is 0.0097 ft short. 
This causes a change in length of about 0.01 ft 
for each change in temperature of 15°F, which 
is frequently used in approximate calculations. 
An astounding example is the change in tem­
perature of 75°F between measurements in the 
summer and winter in some areas. The length 
of a 100-ft steel tape changes 0.05 ft due to this 
temperature difference, equivalent to a dis­
crepancy of 2.6 ft in a mile. Errors in taping 
due to temperature are frequently overlooked 

Table 4-4. Corrections for incorrect tape length 

To Lay Out To Measure a Line 
When Tape Is a Distance Between Fixed Points 

Too Long Subtract Add 
Too Short Add Subtract 



by inexperienced surveyors, but obviously they 
cannot be disregarded. In SI units the coeffi­
cient of thermal expansion of steel is 0.0000116 
per unit length per degree C. The corrections 
can be plus or minus in sign. 

Tape temperatures are difficult to measure, 
particularly on partly cloudy summer days. 
Tape thermometers clamped on near the ends do 
not contribute to their sag, and so are most 
reliable. Some tapes have a terminal gradua­
tion that varies with temperature. 

Corrections for Tension or Pull 

Steel tapes are standardized at some speci­
fied tension and, being elastic, change length 
due to variations in the tension applied. An 
ordinary 100-ft steel tape stretches only about 
0.01 ft for an increase in tension of 15 lb. If 
spring balances are used to maintain the pre­
scribed pull, errors caused by tension varia­
tions are negligible. Without a spring balance, 
the tension applied usually varies either above 
or below the standard and can be considered 
an accidental error and disregarded in all but 
precise measurements. Inexperienced tapepersons 
are likely to apply tension lower than the standard­
ized figure. 

The formula for tension correction is de­
rived using the modulus of elasticity E, which 
is the ratio of unit stress to unit strain. The 
total correction for elongation Cp of a tape 
length L is calculated from the expression 

(PI -P)L 
Cp = --''-AE-- (4-2) 

in which PI is the applied field pull in pounds, 
Po the standard tension, A the tape cross­
sectional area, and E the modulus of elasticity 
of the tape-taken as 29,000,000 lb per square 
in. for steel. The cross-sectional area can be 
calculated from the tape length, its weight, 
and the specific weight of steel. 

Corrections for Slope 

In reducing slope measurements to their 
horizontal lengths-required in slope and dy­
namic taping-a correction must be applied 
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to the measured distance equal to the differ­
ence between the hypotenuse s and side d of 
a right triangle having its vertical side equal 
to h. 

When the difference in elevation of the two 
points h is measured, the correction for slope 
Ch can be obtained from the formula 

h2 h4 
C =-+-

h 2s 8s 3 
(4-3) 

Usually, the first term in the equation is suf­
ficient. If the vertical angle a is measured 
along with the slope distance, the following 
formula applies: 

Ch = s(1 - cos a) - s vers a (4-4) 

This correction has a negative sign since the 
hypotenuse is always longer than the other 
side. 

Corrections for Sag 

A steel tape suspended and supported only 
at the end points takes the form of a catenary 
curoe. Obviously, the horizontal distance be­
tween its ends will be shorter than for a tape 
fully supported throughout its entire length. 
The difference between the curve and chord 
lengths is the sag correction and always has a 
negative sign. Sag is related to weight per unit 
length and the applied tension. For a tape 
supported at its midpoint, the total effect of 
sag in the two spans is considerably smaller. 
More intermediate supports further reduce the 
sag to zero when fully supported. 

The following formula is used to compute 
the sag correction C,: 

w 2L3 W2L 
C =--=--

, 24P2 24P2 
(4-5) 

where w is weight of tape in pounds per foot, 
L the unsupported length between supports, 
W = wL the total weight of tape between sup­
ports, and P the total applied tension in 
pounds. 

These formulas show that greater tension is 
required for a tape not supported throughout. 
In fact, there is a theoretical normal tension 
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for each tape that increases its length exactly 
by the shortening due to sag. This pull can be 
determined practically using an actual mock­
up or by theoretically employing the following 
formula in a trial-and-error method: 

(4-6) 

Sources of E"or and Mistakes in Taping 

In addition to the major sources of system­
atic error in taping, three other conditions 
must also be carefully monitored: (1) faulty 
alignment, which has an adverse effect on 
accuracy-thus, a tape held 1.5 ft off line in 
100 ft causes an error of 0.01 ft in distance; (2) 
taping pins must be set in proper position; and 
(3) sag is difficult to evaluate when a strong 
wind blows on an unsupported tape. 

Several possible common mistakes made in 
taping and recording cannot be tolerated and 
include (1) faulty tallying, (2) misreading the 
tape graduations, (3) improper plumbing, (4) 
reversing or misunderstanding the calls in 
recording numbers, or dropping or adding 
one foot, and (5) mistaking the end mark. 

Taping continues to be a basic operation in 
many aspects of surveying because it is fast and 
easy for measuring relatively short distances. 

4-4. OPTICAL 
DISTANCE-MEASUREMENT 
METHODS 

4-4-1. General Introduction 
The alternative to using ground or catenary 

taping or electromagnetic methods of distance 
measurement is to use optical methods. Al­
though some surveyors only relate optical 
methods to conventional stadia procedure, 
there is a large family of instruments, meth­
ods, and procedures generally classified as op­
tical distance measurement. 

Several of these methods were popular in 
the past. Now, with the advent of electromag-

netic distance technology and its versatility, 
most indirect optical methods-with the possi­
ble exception of stadia tacheometry-have 
been relegated to the status of little-used sub­
stitutes. They have, nevertheless, played an 
important role in attempts to develop dis­
tance-measuring equipment that would be 
rapid although not as accurate. Some had only 
limited practical application, others were very 
costly, a few quite complicated, and a number 
had great potential but surveyors did not rec­
ognize their capabilities. 

Electronic distance instruments are gener­
ally rather expensive and not useful over the 
range of distances used in optical measure­
ment. Therefore, tapes, EDMIs, and optical 
instruments complement rather than displace 
one another. 

The term tacheometry or tachymetry means 
"rapid" measurement. Actually, any measure­
ment made rapidly could be considered 
tacheometric but general practice is to include 
only optical measurements by stadia, subtense 
bars, etc. Thus, exceedingly fast EDMIs, cov­
ered in Chapter 5, are not included in this 
term. 

Only general coverage is attempted in this 
text; however, two British books published in 
1970 are completely dedicated, in great detail, 
to optical distance measurement. Smith groups 
various optical devices into the following cate­
goriesl : 

1. Instruments on the rangefinder principle 
(a) Fixed-base 
(b) Fixed-angle 

2. Theodolites 
(a) Conventional stadia tacheometry 
(b) Tangent tacheometry 
(c) Wedge attachments to theodolites 

3. Self-reducing tacheometers 
(a) Using vertical staves-diagram tacheo­

meters 
(b) Using horizontal staves-double-image 

tacheometers 
4. Subtense bar 
5. Plane table alidades 
6. Miscellaneous items 



As will be apparent later in a discussion of 
principles, optical distance measurement re­
ally only combines a fixed quantity with a 
variable one. All optical instruments involve 
an angle and a base, which are either fixed or 
variable; also, the base may be horizontal or 
vertical. Smith summarizes the possibilities in 
a convenient form (Table 4-5). 

4-4-2. Stadia Tacheometry 

Stadia tach eo me try is the commonly known 
procedure that utilizes two supplementary 
horizontal (stadia) lines placed at equal dis­
tances above and below the central horizontal 
line in an instrument's telescope. Usually, they 
are short lines to differentiate them from the 
longer main horizontal one. A graduated ver­
tical rod is sighted and the intercept between 
the stadia lines read. Modern internal-focusing 
instruments have a fixed distance between the 
stadia lines so when the telescope is horizontal 
and the rod vertical, distance D from the 
instrument center to the rod equals 100 times 
the stadia intercept S as in Figure 4-11. 

D = 100S (4-7) 

In some instruments, the stadia multiplier k is 
333. 

It is not always possible to keep the tele­
scope horizontal; more commonly, the line of 
sight is inclined. The stadia intercept S then 
must be multiplied by the cosine of the verti-

Table 4-5. Optical distance-measuring devices 

Section Form Base 

1 Fixed-base rangefinder Fixed 
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cal angle a to make AB perpendicular to D 
(see Figure 4-12). 

D = 100AB 

D = 100Scos ex 

and 

(4-8) 

(4-9) 

H = D cos ex = S 100 (cos2ex) (4-10) 

v = D sin ex = S 100 (sin ex cos ex) 

= S 100 (t sin 2 ex) (4-11) 

These formulas are referred to as the inclined­
sight stadia formulas and form the basis for 
several stadia reduction (computing) devices. 

It should be noted that some older instru­
ments have external-focusing telescopes and 
the distance X (see Figure 4-13) is propor­
tional to the stadia intercepts-from the ex­
ternal principal focus of the lens. To obtain D, 
the distances f + c must be added. Their sum 
is usually about 1 ft and must be applied when 
using the older external-focusing instruments. 
It is almost zero and is ignored for the newer 
internal-focusing type. 

4-4-3. Stadia Reduction 
Devices 

The inclined-sight stadia Equations (4-10) 
and (4-11) must be solved many times when 
the stadia method is used to locate features in 
transit-stadia and planetable mapping. The de­
sired vertical and horizontal distances V and 

Resulting 
Angle Base Distance 

Variable Horiz. Slope 
2 Fixed-angle rangefinder Variable Fixed Horiz. Slope /Horiz. 
3 Stadia tacheometry Variable Fixed Vertical Slope 
4 Tangent tacheometry Fixed Variable Vertical Slope 
5 Wedge attachment Variable Fixed Horiz. Slope /Horiz. 
6 Diagram tacheometers Variable Fixed Vertical Horiz. 
7 Double-image tacheometers Variable Fixed Horiz. Horiz. 
8 Subtense bar Fixed Variable Horiz. Horiz. 
9 Planetable alidades Variable Fixed Vertical Horiz. 

Source: Courtesy of J. R. Smith. "Optical Distance Measurement," Granada Publishing Ltd., England, 1970. 
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..... -----D=381 ft-----~ 

I4--D = 200 ft---.. 

S=3.81ft 

Figure 4-11. Stadia with level sight. (Adapted from photo. courtesy of Keuffel & Esser 
Co.) 

H come from the equations. Although not 
true with modern hand-held programmable 
calculators, using the formulas in direct appli­
cation was slow and tedious. Therefore, many 
reduction devices were designed to facilitate 
the computing. These include (1) stadia tables 
(Tables 4-6 and 4-7), (2) diagrams, (3) slide 

rules, (4) stadia circles, (5) Beaman arcs, (6) 
self-reducing curved stadia lines, and (7) cam­
operated movable reticle lines. Instruments us­
ing curved stadia lines and cams will be dis­
cussed later under diagram tach eo meters. 

Stadia tables were included in surveying 
textbooks for years. They assume a stadia in-

.... -------H-------~ 
Figure 4-12. Inclined-sight stadia. (Adapted from photo. courtesy of Keuffel & 
Esser Co.) 
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Table 4-6. 

Vert. 
Angle 

0°00' 

1°17' 

2°13' 

2°52' 

3°23' 

3°51' 

4°15' 

4°37' 

4°58' 

5°17' 

5°36' 

X 

~f ... -
I ( 

.c. -
0 

Figure 4-13. Geometry of external-focusing telescope. (Adapted from photo, 
courtesy of Keuffel & Esser Co.) 

Horizontal corrections for stadia intercept 1.00 ft 

Horiz. Cor. Vert. Horiz. Cor. Vert. 
for 1.00 ft Angle for 1.00 ft Angle 

5°36' 8°02' 
0.0 ft 1.0 ft 

5°53' 8°14' 
0.1 ft Uft 

6°09' 8°26' 
0.2 ft 1.2 ft 

6°25' 8°38' 
0.3 ft 1.3 ft 

6°40' 8°49' 
0.4 ft 1.4 ft 

6°55' 9°00' 
0.5 it 1.5 ft 

7°09' 9°11' 
0.6 ft 1.6 ft 

7°23' 9°22' 
O.7ft 1.7 ft 

7°36' 9°33' 
0.8 ft 1.8 ft 

7°49' 9°43' 
0.9 ft 1.9 ft 

8°02' 9°53' 

10°03' 

Results are correct to the nearest foot at 100 it and to the nearest 1/10 ft at 100 ft, etc. 

Horiz. Cor. 
for 1.00 ft 

2.0 ft 

2.1 ft 

2.2 ft 

2.3 ft 

2.4 ft 

2.5 ft 

2.6 ft 

2.7 ft 

2.8 ft 

2.9 ft 

3.0 ft 

With a slide rule, multiply the stadia intercept by the tabular value and subtract the product from the horizontal 
distance. 

Example: vertical angle, 4°22'; stadia intercept, 3.58 ft. 

Corrected horiz. dist. = 358 - (3.58 X 0.6) = 356 ft 

Table 4-7 gives the vertical heights for a stadia intercept of 1.00 ft. With a slide rule, multiply the stadia intercept 
by the tabular value. 

Example: vertical angle, 4°22'; stadia intercept, 3.58 ft. 

Vertical height = 3.58 X 7.59 = 27.2 ft 
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Table 4-7. Vertical heights for stadia intercept 1.00 ft 

Min. 0° 1° 2° 3° 4° 5° 6° 7° 8° 9° 

0 0.00 1.74 3.49 5.23 6.96 8.68 10.40 12.10 13.78 15.45 
2 0.06 1.80 3.55 5.28 7.02 8.74 10.45 12.15 13.84 15.51 
4 0.12 1.86 3.60 5.34 7.07 8.80 10.51 12.21 13.89 15.56 
6 0.17 1.92 3.66 5.40 7.13 8.85 10.57 12.27 13.95 15.62 
8 0.23 1.98 3.72 5.46 7.19 8.91 10.62 12.32 14.01 15.67 

10 0.29 2.04 3.78 5.52 7.25 8.97 10.68 12.38 14.06 15.73 

12 0.35 2.09 3.84 5.57 7.30 9.03 10.74 12.43 14.12 15.78 
14 0.41 2.15 3.89 5.63 7.36 9.08 10.79 12.49 14.17 15.84 
16 0.47 2.21 3.95 5.69 7.42 9.14 10.85 12.55 14.23 15.89 
18 0.52 2.27 4.01 5.75 7.48 9.20 10.91 12.60 14.28 15.95 
20 0.58 2.33 4.07 5.80 7.53 9.25 10.96 12.66 14.34 16.00 

22 0.64 2.38 4.13 5.86 7.59 9.31 11.02 12.72 14.40 16.06 
24 0.70 2.44 4.18 5.92 7.65 9.37 11.08 12.77 14.45 16.11 
26 0.76 2.50 4.24 5.98 7.71 9.43 11.13 12.83 14.51 16.17 
28 0.81 2.56 4.30 6.04 7.76 9.48 11.19 12.88 14.56 16.22 
30 0.87 2.62 4.36 6.09 7.82 9.54 11.25 12.94 14.62 16.28 

32 0.93 2.67 4.42 6.15 7.88 9.60 1l.30 13.00 14.67 16.33 
34 0.99 2.73 4.47 6.21 7.94 9.65 11.36 13.05 14.73 16.39 
36 1.05 2.79 4.53 6.27 7.99 9.71 11.42 13.11 14.79 16.44 
38 1.11 2.85 4.59 6.32 8.05 9.77 11.47 13.17 14.84 16.50 
40 1.16 2.91 4.65 6.38 8.11 9.83 11.53 13.22 14.90 16.55 

42 1.22 2.97 4.71 6.44 8.17 9.88 11.59 13.28 14.95 16.61 
44 1.28 3.02 4.76 6.50 8.22 9.94 11.64 13.33 15.01 16.66 
46 l.34 3.08 4.82 6.56 8.28 10.00 11.70 13.39 15.06 16.72 
48 1.40 3.14 4.88 6.61 8.34 10.05 1l.76 13.45 15.12 16.77 
50 1.45 3.20 4.94 6.67 8.40 10.11 11.81 13.50 15.17 16.83 

52 1.51 3.26 4.99 6.73 8.45 10.17 11.87 13.56 15.23 16.88 
54 1.57 3.31 5.05 6.79 8.51 10.22 11.93 13.61 15.28 16.94 
56 1.63 3.37 5.11 6.84 8.57 10.28 11.98 13.67 15.34 16.99 
58 1.69 3.43 5.17 6.90 8.63 10.34 12.04 13.73 15.40 17.05 
60 1.74 3.49 5.23 6.96 8.68 10.40 12.10 13.78 15.45 17.10 

tercept of 1 ft and list values in parentheses in from stadia tables instead of the vertical angle. 
Equations (4-1O) and (4-11) for various values These numbers must then be multiplied by S. 
of vertical angle a. To compute H and V, Since spacing of the graduations is irregular, a 
appropriate tabular figures are obtained for a vernier is not needed. A stadia arc is essential 
and multiplied by S. Some tables list correc- in planetable mapping. 
tions that are multiplied by S and subtracted To avoid minus readings, the V-index read-
from 100S to get values of H. ing on level sights is 50 on most arcs, so 50 

The sole purpose of the 10-in. Kissam slide must be subtracted from each reading to ob-
rule or Cox (circular) stadia rule is to obtain tain the true multiplier. The H multiplier 
H, V, and/or horizontal corrections by using normally is near 100. The Beaman arc is the 
appropriate S and a values. same as a stadia circle, except the horizontal 

A stadia circle consists of two special Hand scale H yields a percentage correction that 
V scales attached to planetable alidades and must be subtracted from 100S. The vertical 
some transits, on request, which permits the scale V is the same as on a stadia circle. All the 
observer to read the same values obtainable reduction devices were developed to ease the 



burden and make computing the great vol­
ume of stadia side-shots simpler. Self-reducing 
tacheometers having curved stadia lines or 
cams are also based on the inclined-sight sta­
dia formulas. 

4-4-4. Accuracy of Stadia 
Measurements 

The ordinary level rod graduated to hun­
dredths of a foot can be used in stadia work 
for maximum sight lengths of 300 to 400 ft. 
For longer sights, special stadia rods with 
graduations to 0.1 ft, yd, or m are easier to 
read and more satisfactory. Observational 
technique is an individually developed proce­
dure to ensure efficient data measurement, 
recording, and rod movement. 

For most large-scale mapping and contour 
intervals, horizontal distances to the nearest 
foot and elevations nearest 0.1 ft suffice, so 
stadia easily meets this requirement. Stadia­
read distances are normally in the 1/300 to 
1/500 range, although by carefully calibrating 
the stadia interval factor F /1, using a target 
attachment, and making repeated measure­
ments, accuracies as high as 1/1000 to 1/2000 
have been recorded. For measuring longer 
distances, where the full stadia interval does 

Distance: 57.2 m 
Diff.ofelevation: +0.2-40.1 = +8.02m 
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not fall on a typical rod, a half- or quarter­
interval can be read and used to obtain dis­
tance. This is particularly useful for small-scale 
mapping with a planetable. 

4-4-5. Diagram Tacheometers 
The diagram tacheometer (or self-reducing 

tacheometer) utilizes a diagram of reduction 
curoes, projected into the field of view, and 
allows horizontal distance H and height dif­
ference V to be read directly as intercepts on 
a graduated vertical rod (Figures 4-14 and 
4-15). These reduction curves, based on the 
inclined-sight stadia formulas, on a diagram 
plate rotate when the telescope is tilted by 
turning a series of planet gears. The horizon­
tal multiplication constant is always 100, but 
there are four height-reading curves, depend­
ing on the vertical angle involved. Multiplica­
tion factors of 10, 20, 50, and 100 are used. 

Rnd intercepts are read separately from a 
base zero-curve line. The instrument is a 
standard theodolite with this added facility for 
making stadia reductions. A standard leveling 
rod can be used, but a special tacheometric 
staff with a double wedge-shaped mark at 1 m 
(or 4 ft) above the base allows the zero curve 
to be set accurately. A staff with an extendable 

Distance: 48.5 m 
Diff. of elevation: -1' 21.7 = -21.7 m 

Figure 4-14. Reduction tacheometer with vertical staff. (Courtesy of Wild Heerbrugg 
Instruments, Inc.) 
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Figure 4-15. Planet gears and diagram plate 
with reduction curves. (Courtesy of Wild 
Heerbrugg Instruments, Inc.) 

leg is available for sighting at a definite height 
of instrument. 

Another self-reducing tacheometer similar 
to the diagram instrument has a fixed and 
movable reticle along with a cam (Figure 4-16). 
In this instrument, the lines are straight but 
the cam is based on the inclined-sight stadia 
formulas. This mechanical reduction system 
has a fixed reticle containing a vertical and 
horizontal line. A second horizontal line is on 
a movable reticle. As the telescope inclination 
is changed, a cam geared to the horizontal 
axis raises or lowers the movable reticle, so a 
rod intercept between two horizontal lines 
yields the horizontal distance. After switching 
with a knurled ring (to change the cam con­
figuration), the rod intercept supplies a verti­
cal distance. Again, the instrument is a stand­
ard theodolite with an added reduction mech­
anism. 

4-4-6. Planetable Alidades 
Planetable alidades invariably contain some 

type of stadia reduction system. As examples, 
the Keuffel & Esser standard alidade uses a 

stadia circle with H and V scales; the newer 
self-indexing model has a separate optical 
scale-reading eyepiece to view the three scales, 
including the typical elevation angle (Figure 
4-17). Berger and Gurley alidades use the 
closely related Beaman arc. Modern Swiss­
made Wild and Kern alidades employ the dia­
gram tacheometric self-reducing method with 
curved-reduction lines. A horizontal multiplier 
of 100 and three multipliers for difference in 
elevation (20, 50, and 100) are appropriately 
marked on the reticle and read directly. 

4-4-7. Optical Wedge 
AHachments 

A distance-measuring wedge is a simple 
theodolite accessory. When attached to the 
telescope objective housing, a slope distance 
reading is taken on a horizontal staff set up at 
the target point. A counterweight screwed 
tightly to the eyepiece end holds the telescope 
in balance. Besides the fixed-angle wedge, a 
parallel-plate micrometer functions similarly 
to that used in precise leveling, except it meas­
ures in a horizontal rather than vertical plane. 
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Horizontal distance ,eading 15.6 m 
The switching , ing is set at 0 

Height diffe,ence reading 6.4 m 
The switching ,ing is set at , I H 
Sight ing height on the rod 1.30 m 

Figure 4-16. Mechanical reduction 
system employing a cam-{)perated 
movable reticule with straight lines. 
(Courtesy of Kern Instruments, Inc.) 

Of the two optical elements, the wedge 
supplies a fixed-angle 0 (normally 34'22.6") 
and the parallel-plate micrometer aids in reso­
lution of the fine-reading part of the variable 
base b (Figure 4-18). Therefore, a slope dis­
tance and the required horizontal distance are 
obtained by using a measured vertical angle 
for reduction. 

In optical distance measurement, a distance 
D is derived from the parallactic angle inter­
cepting a staff length d. The glass wedge cov­
ers only the middle section of the objective 
lens. Therefore, it deflects only those rays that 
actually pass through the wedge, while the 
others go straight through. When sighting a 
horizontal staff, two images are seen displaced 
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Staff reading on the GVL 12 (GVLV12) 
tacheometric staff 
Distance 53.6 ft 
Ditt. in elevation +0.290 x 100 x 1 = +29.0 ft 

Vertical circle +28°20', 

Figure 4-17, Modern plane table alidade with reduction curves. (Courtesy of Wild Heer­
brugg Instruments, Inc.) 
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Figure 4-18. Distance-measuring wedge attachment with horizontal staff. (Courtesy of Wild 
Heerbrugg Instruments, Inc.) 



in relation to each other by a similar d. This 
variable spread represents 1/100 of the slope 
distance D (multiplication constant = 100). 

The lower half of a horizontal staff consists 
of the main graduations (lines with l-cm inter­
vals); the upper half has two verniers with 
graduation intervals of 0.9 cm. The inner 
vernier is used to measure distances from 10 
to 100 m and the outer one (with the distin­
guishing sign of + 5) for distances from 60 to 
150 m. The + 5 indicates an added constant 
of 50 m. The accuracy obtainable with the 
wedge attachment falls in the range of 1/5000 
to 1/lO,OOO-much better than with stadia 
tacheometry. A wedge attachment is employed 
mainly in measuring traverse sides. The time 
involved setting up the horizontal staff rules 
out its use in multiple side-shot detailing. 

4-4-8. Double-Image 
Tacheometers 

These are similar in operation to wedges 
except the effect of a vertical angle is automat­
ically eliminated. A "fixed" angle () is ob­
tained by an optical device consisting of two 
rotating wedges, which together with a mi­
crometer system (using a rhombic prism) re­
duces slope distance to the horizontal 
(D cos a). The micrometer is used only to 
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resolve the fine reading part of the distance. 
The same horizontal staff is employed with the 
double-image tacheometer. 

Some double-image tacheometers are 
equipped with a device to set the rotating 
wedges so their effect is eliminated when the 
telescope is horizontal, and the deflection in­
creases proportionally to sin a for telescope 
inclinations. Then the staff reading gives 
D sin a corresponding to the difference in 
elevation between the instrument and staff. 
Maximum range is about 150 m and accura­
cies are comparable to the wedge attachments. 
Their principal advantage is the automatic re­
duction of readings. 

4-4-9. Subtense Tacheometry 

The subtense method essentially consists of 
accurately measuring the variable angle sub­
tended by a fixed horizontal distance or base 
(Figure 4-19). Generally, the standard subtense 
bar is 2 m long and consists of a metal tube 
with a target at each end controlled by an 
Invar wire, so it is unaffected by temperature 
changes. The bar is mounted horizontally on a 
tripod and its small triangular targets can be 
internally illuminated for night operation. A 
small optical sight ensures that the bar is per­
pendicular to the sight line. 

Figure 4-19. Measuring with a subtense bar. (Courtesy of Wild Heerbrugg Instnunents, 
Inc.) 
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The distance D is derived from the follow­
ing formula: 

D = b/2cot a/2 (4-12) 

Since base length b is exactly 2 m, distance D 
totally depends on the horizontal angle meas­
urement a. To obtain accuracies of 1/5000, 
sights must be limited to 400 to 500 ft and the 
angle measured to + 1" of arc with a precise 
I-sec theodolite. Several sets of angles should 
be read to ensure this 1" accuracy. Tables 
furnished by sub tense-bar makers reduce or 
eliminate computations. 

The method's principal advantage over tap­
ing lies in its ability to measure over rough 
terrain, across gullies and wide streams. Fur­
thermore, no slope correction is necessary, 
since the horizontal angle subtended by the 
bar is independent of the inclination of the 
sight line; therefore, the horizontal distance is 
obtained directly. Since introduction of elec­
tronic distance-measuring instruments, the 
subtense method is no longer able to com­
pete. 

4-4-10. Tangential 
Tacheometry 

A variation on stadia tacheometry is called 
tangent tacheometry, sometimes described as 
vertical subtense. Two targets are set a known 
distance apart on a vertical rod. Then by 

measuring the subtended angle and vertical 
angle, the required horizontal distance and 
difference in height can be computed. 

4-4-11. Rangefinders 

Rangefinders are fixed-base or fixed-angle 
types (Figure 4-20). From a fixed-base b and 
fixed angle at A, the system's optics are ma­
nipulated to vary angle at B (a) until the 
partial images of Y seen through A and B are 
coincident in the instrument's field of view. 
Distance AY(L) is then a direct function of 
variable a and constant b with angle A nor­
mally arranged as a right angle. 

In fixed-angle rangefinders, angle B of a is 
fixed and distance b is varied by sliding a 
prism unit at B along the bar until the two 
partial images of Y seen through A and Bare 
coincident. Both fixed-base and fixed-angle 
rangefinders provide the slope distance, but 
the vertical angle must be used to get a hori­
zontal equivalent. 

Wild makes a small hand-held rangefinder, 
TMO, with a fixed 25-cm base, and a larger 
tripod-moun ted coincidence rangefinder, 
TM2, with a long 80-cm base. Depending upon 
range, measuring accuracies range from 1/10 
to 1/150. The TM2 has a measuring range 
from 300 to 5000 m. Their distinct advantage 
over other methods is that inaccessible dis-

Bf 

Figure 4-20. Geometry of fixed-base and fixed-angle rangefinders. (Courtesy of R. J. Smith, "Optical Distance 
Measurement," Granada Publications Ltd., England, 1970.) 



tances can be measured and a rodperson is 
not required. 
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5 
Linear Measurements: EDM 

Instruments 

Porter W. McDonnell 

5-1. INTRODUCTION 

Electronic measurement is a modern method 
of precise and rapid determination of slope 
(line-of-sight) distances. Some electronic 
distance-measuring instruments (EDMIs) are 
designed to reduce the slope distances to hori­
zontal distances. 

EDMIs can be used over water and from 
one high point to another-e.g., over build­
ings, etc. They have maximum ranges varying 
from 500 to 64,000 m, or 0.3 to 40 mi. The 
introduction of electronic distance measuring 
has simplified traversing work: The selection 
of traverse stations can be made without con­
cern for the feasibility of taping the sides. The 
tedious, slow process of clearing the entire 
traverse line and proceeding 100 ft at a time 
for the measurement is eliminated. In some 
cases, electronic traversing now takes the place 
of triangulation for horizontal control over 
large areas. Construction layout work can be 
done from a single central station (radial line 
stakeout), and short-range EDMIs may be in­
corporated into theodolite designs to create 
all-purpose instruments usually known as "total 
stations.' , 

The many instruments available differ in 
detail, but nearly all depend on the precision 

of a quartz crystal oscillator and determination 
of distance by measuring a ,. phase shift." (Two 
recent models, not covered here, l make use of 
a "transit time technique.") An instrument is 
set up at one end of the distance to be mea­
sured. It transmits a beam of infrared light or 
microwave, which serves as a carrier for the 
waves used for measurement. The beam is 
received at the other end of the distance by a 
reflector, when using an infrared beam, or by 
another electronic instrument if employing a 
microwave beam. In either case, the beam is 
returned to the master instrument. A reflector 
consists of one or more "corner prisms" (Fig­
ure 5-1) or, for short distances, just a molded 
scotch light or bicycle reflector. The reflectors 
are designed to return the light beam, even if 
they are only approximately pointed toward 
the source. For the microwave beam, the re­
mote instrument is similar to the master in­
strument and thus more than a passive reflec­
tor. Light sources other than infrared (visible 
lasers, incandescent light) have also been used. 

Several infrared instruments are shown in 
Figures 5-2, 5-3, and 5-4, and a microwave 
instrument is seen in Figure 5-5. An EDMI 
"modulates" the light or microwave beam to 
pulsate at each of several different frequencies 
and an increased amplitude. These pattern fre­
quencies permit the comparison of several 
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FJgUre 5-1. Single- and multiple-prism re­
flectors used to receive and return light 
beams in electronic distance measurements. 
They are shown in tilting mounts. (Courtesy 
of the Lietz Co.) 

phase shifts of returning beams. An on-board 
computer deduces distance from these 
data-i.e., by a phase comparison of the re­
turning beam with an internal branch of the 
outgoing beam. 

Figure 5-2. RED 2A distance-measuring unit yoke 
mounted on a theodolite, and the RED 2L mounted in a 
tribrach. (Courtesy of the Lietz Co.) 

5-2. PRINCIPLES 

Sections 5-3 through 5-6 present a discus­
sion of the principles of electronic distance­
measuring instruments, based on a paper by 
Gort.2 It refers to the HP 3800 instrument for 

Figure 5-3. Stinger infrared EDM instrument. (Courtesy 
of IR Industries, Inc.} 



FIgure 5-4. Kern DM 503 mounted on an electronic 
theodolite. The unit may be used on conventional theodo­
lites as well. It features transmitting optics abUlJe the tele­
scope and receiving optics below it. (Courtesy of Kern 
Instruments, Inc.) 
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which Gort had the design responsibility. 
Hewlett-Packard no longer makes EDMIs, but 
the following explanation illustrates the func­
tion of current models as well as those of the 
recent past. 

5·3. THE APPLICATION OF 
MODULATION 

In general, the measurement of any distance is 
accomplished by comparing it to a multiple of 
a calibrated distance, e.g., by using a 100-ft 
tape. In electronic distance meters, the same 
comparison principle is used: The calibrated 
distance is the wavelength of the modulation 
on a carrier (light or microwave). In the HP 
3800, the effective wavelength is a precise 20 
ft, which is related to the modulation fre­
quency by 

where 

A = vi! 

A = modulation wavelength 

v = velocity of light 

! = modulation frequency 

(5-1) 

Figure 5-5. Microwave-type EDM instru­
ment, the Tellumat CMW20. (Courtesy of 
Teludist, Inc.) 
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REflECTOR 

Transmitter - /-\ ~ Receiver I 
a phase meter, the angle can be measured and 

a will represent d according to the relation 
'-' "'-, 

Receiver 

f--N>IO"l 
Ir-T-ran-sm-it-te"'r~ Receiver I b 

Figure 5-6. Distance being measured is a multiple of 10 
ft; the wavelength is 20 ft. (Courtesy of Hewlett-Packard 
Co.) 

Suppose the distance to be measured is an 
exact multiple n of 10 ft as shown in Figure 
5-6a. The total optical path, however, will be 
2n X 10 ft, which is shown by folding out the 
reflector-ta-receiver path (Figure 5-6b). As the 
total path is 2n X 10 ft, the total phase delay 
will be n X 360°. (Each 20-ft wavelength repre­
sents a full 360° phase delay.) The phase dif­
ference between a transmitted beam and re­
ceived beam is also n X 360°, which cannot be 
distinguished from a 00 phase difference. Fig­
ure 5-6b shows the sine wave reaching the 
receiver at the same point in a cycle as when it 
was transmitted. 

In general, the distance to be measured 
may be expressed as n X 10 + d ft. Figure 5-7 
shows the total optical path by folding out the 
returned beam for clarity. The total phase 
delay 4J between transmitted and received sig­
nal becomes 

c/> = n X 3600 + I1c/> 

in which A 4J equals the phase delay due to the 
distance d. As n X 3600 is equivalent to 00 for 

Figure 5-7. Distance being measured is not a multiple of 
10 ft; the returning signal is out of phase with the 
transmitted beam. (Courtesy of Hewlett-Packard Co.) 

d = ( 11 c/> X 10) ft 
360 

In order to find the number n of 10-ft 
multiples, a 200-ft modulation wavelength is 
used next. This results in another ambiguity, 
of multiples of 100 ft. Of course, the proce­
dure can be repeated with a 2000-ft wave­
length to resolve this ambiguity, and so on. 

5-4. THE INDEX OF REFRACTION OF 
AIR 

The accuracy of distance measurements de­
pends, among other things, on the calibration 
of the measurement unit. Since the modula­
tion wavelength is used as a measurement unit 
in electronic distance meters, this wavelength 
has to be accurately established. Equation (5-1) 
shows that the accuracy in A depends on v 
and f. The velocity of light in air may be 
expressed as 

c 
v =­

n 
(5-2) 

where c = vacuum velocity of light and n = 
index of refraction of air. 

As c is a universal constant, only n has to be 
determined in order to find v. The index n is 
a function of the wavelength used, and the 

Transmitter r'\ r . ~ '-f lf4q,=360od=lOft 
Receiver i I V 

-- ~4q, 



density and composition of the air. Thus, it is 
affected by the atmospheric pressure and tem­
perature at the time of measuring. As the 
accuracy of a distance measurement depends 
on determination of this index, the question 
arises: How accurately must the pressure and 
temperature be known? Figure 5-8a shows the 
relationship between the error in a distance 
measurement and inaccuracy of the tempera­
ture. Figure 5-8b displays the error as a func­
tion of pressure measurement inaccuracies. 
These graphs, used together, demonstrate that 
a 100 high estimate of temperature combined 
with a I-in. low-pressure estimate causes a dis­
tance error of 15 ppm, or 1 part in 
67,000-sufficiently accurate for most survey 
work. 

In the case of microwave instruments, the 
humidity also is a factor (see Section 5-7). 

5-5. DECADE MODULATION 
TECHNIQUE 

As mentioned previously, a 3600 phase delay 
equals 10ft in the phase meter at the highest 
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modulation frequency (24.5 MHz). The HP 
3800, however, uses four different modulation 
frequencies in order to measure a full 10,000 
ft without ambiguity. The four modulation fre­
quencies are related in decade steps and yield 
phase-meter constants, which are 3600 = 10 ft 
at one end of the scale and 3600 = 10,000 ft at 
the other end. The fraction of 10 ft is deter­
mined first, using the 24.5 MHz modulation; 
the fraction of 100 ft is then determined by 
the 2.45 MHz modulation; the fraction of 1000 
ft by applying 245 kHz modulation; and the 
fraction of 10,000 ft by using 24.5 kHz modu­
lation. Table 5-1 shows this in compact form 
and indicates how the ambiguity is resolved 
for a distance of 6258.31 ft. 

With respect to multiples of 10,000 ft, a 
readout can be ambiguous. The range of the 
HP 3800 is specified as 10,000 ft for good 
viewing conditions in the daytime, but it is 
possible to measure longer distances under 
favorable atmospheric conditions. The instru­
ment would not distinguish between 6258.31 
and 16,258.31; in fact, it is limited to a six-digit 
display. 
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Figure 5-8(a) and (b). Distance errors in ppm caused by using incorrect temperature and atmospheric pressure. 
(Courtesy of Hewlett-Packard Co.) 
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Table 5-1. Decade modulation for HP 3800 

Modulation Phase-Meter 
Frequency Constant 

24.5 MHz 360° = 10 ft 
2.45 MHz 360° = 100 ft 

245 kHz 360° = 1000 ft 
24.5 kHz 360° = 10,000 ft 

5-6. ENVIRONMENTAL 
CORRECTION 

It was evident from the description of the 
decade modulation technique and readout 
system that the effective modulation wave­
length must be kept accurately at 20 ft or its 
decade multiples. If a fixed modulation fre­
quency is used, the wavelength would vary in 

' F 

Distance lncl. HP 3800 
Ambiguity Readout 

n} X 10 + 8.31 ft xxx8.31 
n2 X 100 + 58.31 ft xx58.31 
ng X 1000 + 258.31 ft x258.31 
n 4 X 10,000 + 6258.31 ft 6258.31 

accordance with changes in the index of re­
fraction of air. The HP 3800 modulation fre­
quencies can be slightly varied to compensate 
for index changes and thus keep the effective 
wavelength an accurate 20 ft. The master oscil­
lator in the frequency generator is set manu­
ally by a control on the power unit. Figure 5-9 
gives a correction to be dialed in as a function 
of temperature and pressure. This should be 
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Figure 5-9. A ppm correction chart for atmospheric conditions. (Courtesy of Hewlett-Packard Co.) 



done before the distance measurement, as it 
calibrates, in effect, the instrument's distance 
unit. Newer instruments permit the simple 
keying in of temperature and pressure, elimi­
nating the need for a diagram or graph. 

5-7. LIGHT BEAM VERSUS 
MICROWAVE 

In general, the use of microwave beams offers 
the advantages of penetration through fog or 
rain and, usually, a longer range. Two instru­
ments-transmitting and receiving-are re­
quired, as opposed to a single instrument and 
reflecting prism. The two units also provide a 
speech link. Microwave instruments are con­
siderably more sensitive to humidity than 
light-beam models. At normal temperature, an 
error of 1 part in 100,000 will be introduced 
by a 2.7°F (or l.soC) error in the difference 
between wet- and dry-bulb thermometer read­
ings. This effect increases on warmer than 
normal days. However, corrections for mete­
orological conditions (temperature, pressure, 
and humidity) are easily made. Microwave 
beams are wider than light beams and can 
present difficulties in underground surveys, in­
door work, or measurements made close to a 
water surface. Narrower beams have been used 
in recent years. A microwave instrument ap­
pears in Figure 5-5. 

Light-wave instruments are much more 
common. In a 1984 article by McDonnel in 
P.O.B. Magazine, all EDMIs were tabulated 
listing 47 models.3 Only two models use mi­
crowaves. Of the remaining 45 instruments, 
two employ helium neon lasers as a light source 
and 43 use infrared. In addition, all total­
station instruments are of the infrared type. 
For short distances, such as a half-mile, atmo­
spheric conditions are not as important and 
approximate values of temperature and pres­
sure are often sufficient (see Sections 5-4 and 
5-6). Humidity is not a factor. Most light-wave 
models are limited to shorter ranges than mi-
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crowave devices, but the HeNe laser instru­
ments will measure up to 25,000 m using nine 
prisms (the K & E Ranger V-A) or 64,000 m to 
a bank of 30 prisms (K & E Rangemaster III). 

5-8. INSTRUMENTAL AND 
REFLECTOR ERRORS 

The National Geodetic Survey (NGS) recom­
mends that electronic distance-measuring in­
struments be checked occasionally. For this 
purpose, they have assisted in establishing a 
number of calibration base lines in each state. 
Their specifications for these lines state that 
each one should be about a mile long and 
have intervisible monuments at 500 ft, 1150 ft, 
2600 ft, and the ends. 

Such a base line can be used to detect an 
instrument's frequency shift. An improperly 
tuned instrument may have a frequency error, 
making it comparable to a tape of incorrect 
length. In addition, it is possible to make a 
frequency check by employing a frequency 
counter, available from the manufacturer or 
other electronics supplier. Such a check should 
be made at regular intervals if high-order work 
or surveys with long lines are being per­
formed. 

The corner cube prisms used with light-wave 
instruments (see Figure 5-1) have a so-called 
"effective center." The location of this center 
is not geometrically obvious because it involves 
the fact that light travels more slowly through 
glass than air. The effective center will be 
behind the prism itself and generally not di­
rectly over the station to which the measure­
ment is desired. Thus, there is a "reflector 
constant," sometimes amounting to 3 or 4 cm, 
to be subtracted from the measurement. The 
amount is accurately determined by the manu­
facturer. It may be partially or totally offset by 
advancing the electrical center of the trans­
mitting unit during manufacture. In the case 
of a particular instrument, e.g., there is a 
correction of + 320 mm at the transmitting 
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unit. If it is used with a reflector that has a 
constant of 40 mm, a combined correction of 
280 mm is required. This correction may be 
dialed into the unit and automatically added 
by an internal computer before a distance is 
displayed. Field determination of the constants 
is possible but not usually necessary. A discus­
sion of this topic and errors caused by untilted 
or misaligned prisms is provided in a technical 
report by Kivioja and Oren.4 

5-9. SLOPE CORRECTION 

EOM instruments all measure slope Oine-of­
sight) distances only. Reduction of inclined 
measurements to horizontal distance is accom­
plished in several ways, sometimes by a built-in 
microprocessor. The vertical projection of the 
slope distance (a difference in elevation) may 
also be determined. The latter process is a 
modern variation of trigonometric leveling. 

A simple right-triangle reduction may be 
applied if the distance is short or the precision 
needed is modest. The effects of earth curva­
ture and atmospheric refraction become im­
portant for longer distances. For short ones, 
the horizontal component is 

Seos a or S sin Z (5-3) 

where S is the slope distance, a the vertical 
angle, and Z the zenith angle. If the elevations 
of both ends of the measurement are known, 
the elevation difference h will serve as a basis 
for slope reduction. The horizontal distance is 

(5-4) 

in which the last term is usually negligible. 
Consideration must be given to the mount­

ing position of an EOM unit and the design of 
the prisms-and-target combination. For exam­
ple, an EOMI may be telescope-mounted, 
causing its electrical center to rotate forward 

or backward about the horizontal axis of the 
telescope for an inclined sight. A special 
"telescope-mount target" (Figure 5-10) may 
be used to allow the prism reflector to be 
positioned at the right distance above the 
painted target and tilted at a similar angle. 
The vertical or zenith angle is measured to the 
painted target and the slope distance read to 
the prism. An optical sight (collimator) is shown 
above the prism housing in the figure. The 
horizontal distance is calculated by Equation 
(5-3). The target in Figure 5-11 provides a 
vertical pole with threads on top for mounting 
a prism and an adjustable painted target di­
rectly below it. It is intended for use with a 
yoke-mounted EOM unit, such as those in Fig­
ures 5-2 and 5-3, which have their own tilting 
axes (vertically above that of the theodolite). 
Slope reduction again involves the si~ple 
Equation (5-3) in the preceding paragraph. 

The target intended for use with a yoke­
mounted EOMI (Figure 5-10 is much less ex­
pensive than the telescope-mount model (Fig-

Ftgore 5-10. Prism holder and target designed for use 
with an EDM instrument mounted on the telescope of a 
theodolite. The prism holder is set above the target at the 
same offset as exists between EDMI and telescope. 
(Courtesy of SECO Manufacturing Co., Inc.) 



Figure 5-11. Target pole threaded on top for a prism 
holder, designed for use with a yoke-mounted EDM in­
strument The target is set below the prism at the same 
vertical offset as exists between the axes of the yoke and 
the telescope. (Courtesy of SECO Manufacturing Co., 
Inc.) 

ure 5-10). It is easy to program a pocket calcu­
lator to make a slope reduction in which a 
telescope-mounted EDMI is used with the less 
expensive, non tilting target. The formula is 

S cos a - d sin a (5-5) 

where d is the distance from the theodolite 
axis to the top-mounted EDMI axis and a the 
vertical angle with its proper sign. It is suffi­
ciently accurate to place the painted target 
below the prism at the same distance d. Theo­
retically, it should be at distance d sec a. 

There is practically no distance error if a 
telescope-mounted EDMI reads an inclined 
distance to a prism, and then the theodolite 
measures the slope to the prism rather than a 
painted target below it. If S = 100.00 ft, a = 

5°17', and d = 0.50 ft, the error in horizontal 
distance will be 0.001 ft (too small to measure), 
and it decreases for longer measurements. In 
Equation (5-5), vertical angle a will be differ-
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ent and the last term, -d sin a, will not be 
needed. Thus, Equation (5-3) may be used. 

Instruments such as the Kern DM503 in 
Figure 5-4 transmit the beam above the tele­
scope barrel and receive the returned beam 
below it. They require a tall rectangular prism. 
The telescope is pointed to the middle of the 
prism. 

Curvature of the earth and refraction of the 
atmosphere must be considered when measur­
ing long lines. In 1977, Gort described an 
example involving a slope measurement of 
1085.276 m (about two-thirds of a mile).5 The 
zenith angle was 78°11'42". Ignoring the cur­
vature and refraction correction would have 
caused a distance error of 1 part in 30,000. 
The effect on the computed difference in 
elevation would have been about 7.5 cm (or 
0.25 ft). Gort was reporting on the develop­
ment of the Hewlett-Packard 3820A Total Sta­
tion instrument (no longer in production), 
which contained a microprocessor for com­
puting the corrections. The equations used by 
the on-board computer were 

Horizontal distance = S(sin Z - E1 cos Z) (5-6) 

Vertical distance = S(cos Z + E sin Z) (5-7) 

in which 

and 

0.929S sin Z 

6,372,000 

0.429S sin Z 
E=----

6,372,000 

In the latter terms, 6,372,000 is the earth's 
radius. For the case discussed, the horizontal 
distance is 1062.287 m, the vertical distance 
222.103 m. For trigonometric leveling over 
short distances, disregarding curvature and re-
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fraction, the vertical distance would, of course, 
be Scos Z. 

If we assume the same zenith angle, but a 
slope distance of only 305.000 m (about 1000 
ft), the horizontal distance is 298.549 m with­
out a curvature and refraction correction, and 
298.546 m with it. The vertical distance is 
62.397 m by right-triangle trigonometry and 
62.403 with the correction. 

Equation (5-6) uses the instrument elevation 
as the datum. Thus, if the sight is long and 
steeply inclined, as in the first example, a 
reciprocal observation (from the other end) 
will give a different answer. The two answers 
should agree if each is reduced to a common 
datum. The distance found in the example, 
1062.287, would be 1062.324 at the datum of 
the higher station. Each can be reduced to sea 
level by the following factor: 

6,372,000 

6,372,000 + H 

where H is the station elevation in meters. 
Equations (5-6) and (5-7) use an average coef­
ficient of refraction (0.071). 

5-10. ACCURACY SPECIFICATIONS 

Equipment manufacturers usually list accuracy 
as a standard deviation or mean square error 
(nearly equivalent concepts). The specification 
given is a two-part quantity: a constant uncer­
tainty (independent of distance) and a parts­
per-million term (proportionate to distance). 
Figure 5-12 depicts this graphically for a typi­
cal instrument and also shows the claimed 
ranges to single and triple prisms. The stated 
accuracy is ±(5 mm + 5 ppm) for the Top­
con GTS-2. The 90% error, equal to 1.64 
times the standard deviation, is also plotted, 
indicating an "allowable error" for which the 
instrument could be considered suitable. 
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For short measurements, the constant part 
of the random error is significant and exceeds 
the errors of ordinary taping. The figure shows 
that at 30 m nearly all the error is the constant 
type and the 90% error is 1 : 3,500. At 2000 m 
(a maximum range), two-thirds of the error is 
the proportionate kind, and the total error is 
1: 81,000. Thus, as in angle measurements, 
short traverse sides should be avoided. 

Figure 5-12 may be said to present a "worst 
case." The various sources of error are com­
plex and do not necessarily add together in 
the manner shown. Periodicity and calibration 
errors are parts of the first term (5 mm) and 
are systematic for a given instrument measur­
ing a particular distance, but will vary with 
other lengths. Principal factors in the second 
term (5 ppm) are noise due to heat shimmer, 
which is random, and crystal oscillator error 
that is systematic. Some references show the 
first and second terms in the accuracy state­
ment to propagate as two random errors. At 
2000 m, the maximum range in Figure 5-12, 
the standard deviation would be 

u = 52 + [5(2,000,000 mm) ]2 
1,000,000 

±11.2 mm 

instead of ± 15 mm. 
The random errors discussed here are in 

addition to those caused by inaccurate esti­
mates of temperature and atmospheric pres­
sure, and incorrect centering of instrument 
and target. Systematic errors can be caused by 
improper calibration, inexact pointing on the 
reflector (for a peak return signal), and assum­
ing an incorrect prism constant. 

5-11. TOTAL-STATION 
INSTRUMENTS 

Hewlett-Parkard invented the name Total Sta­
tion to promote its Model 3810A, which sensed 
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vertical angles electronically, as well as dis­
tances, and automatically applied sines and 
cosines to generate elevations and horizontal 
distances. The name caught on, either because 
such an exciting new type of instrument 
seemed to deserve a special new name, or 
surveyors forgot that the old term tacMometer 
or tachymeter would be appropriate (as would 
electronic tacheometer). Gradually, the name 
Total Station was applied to instruments that 
combined an electronic distance-measuring 
instrument and a theodolite, but had no elec­
tronic angle sensing or automatic data reduc­
tion. (Pentax simply called this an "EDM 
theodolite.") With its various meanings, the 
term Total Station became as common as 
dumpy level and began appearing without 
capital letters. 

In 1983, P.O.B. Magazine recognized the 
popularity of the name total station but saw a 
need to define and name three separate types, 
as follows: 

Manual total station. Both distance measuring 
and angle measuring make use of the same 
telescope optics (coaxial). Slope reduction of 
distances is done by optically reading the vertical 
angle (or zenith angle) and keying it into an 
on-board calculator or any pocket calculator (see 
Figure 5-13). 

Semi-automatic total station. Contains a vertical 
angle sensor for automatic slope reduction of 
distances (without keying in the slope angle). 
Horizontal angles are read optically. 

Automatic total station. Both horizontal and verti­
cal angles are read electronically for use with 
slope distances in a data collector or internal 
computer.6 

Note that a theodolite with a mount-on 
EDM unit was not classified as a total station, 
except in the case of an electronic (digitized) 
theodolite, in which a modular total station 
was the design commitment, as in Figure 5-4. 

Manual total stations are theodolites with 
built-in EDM units. Typically, these neat com­
pact instruments weigh less than traditional 
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FJgUre 5-13. Manual total station, combining an EDM 
instrument, theodolite, and preprogrammed calculator in 
a single instrument. Mter zenith angle is keyed in, display 
shows slope distance, horizontal distance, and vertical 
distance in turn. Instrument offers tracking mode, stake­
out mode, and distance-averaging mode. Optional cord­
less control unit is available. (Courtesy of Pentax Corp.) 

American vernier transits. The model in Fig­
ure 5-13, and some of its competitors, have a 
detachable carrying handle containing the 
battery. 

Vertical angle sensors (as on semiautomatic 
models) may function only in the telescope­
direct position and over a limited range, such 
as ± 40°. Thus, it may be necessary to override 
the sensor at times. 

While the instruments are "total" in many 
respects, it is impartant to note that a solar obser­
vation will damage the EDM unit unless an objec­
tive filter or Roelofs prism protects the optics. 

The manual and semiautomatic total sta­
tions represent an amazing advance in conve­
nience and portability in the short history of 
the popular short-range electronic distance­
measuring instruments. (The HP 3800 was in­
troduced in 1971.) Even more dramatic and 

revolutionary, however, are the automatic total 
stations. The Zeiss Elta 2, e.g., permits "free 
stationing." The instrument is set up on a new 
station (position unknown). A random combi­
nation of direction measurements or com­
bined direction and distance measurements is 
used for up to five targets. The target coordi­
nates are read from memory and the station 
coordinates are calculateq, using a least­
squares adjustment if there is redundant data. 
Also displayed is the standard error of the 
coordinates and adjusted scale factor of the 
system. The Elta 2 can perform a similar oper­
ation to obtain the height of instrument (HI) 
above datum using a distance and slope angle 
to one or up to five bench marks. The mea­
surements, of course, are sensed electronically 
and need not be keyed in manually. 

The Kern E1 (Figure 5-4) and E2 contain 
tilt sensors and thus are able to apply a correc­
tion to measured horizontal angles, if the in­
strument is not level. This is also true on the 
Geodimeters 140, 420, and 440, some Jena 
models, and the HP 3820. The Kern E2 and 
HP 3820 will even display the amount of incli­
nation, so a surveyor can level the instrument 
exactly, if preferred, and they also correct for 
the effects of an inclined horizontal axis. 

The Kern models, Geodimeter 140, the 
MK-III, and Omni I are designed to make full 
use of the powerful HP 41CX calculator. Val­
ues generated by the total station can be trans­
ferred directly to the calculator and stored for 
computation. The Kern remote receiver (on 
the sight rod) is also depending on this calcu­
lator to determine required orthogonal offsets 
in stakeout work. 

Automatic total stations are frequently used 
with data collectors. Generally, data collectors 
are electronic supplements to the conven­
tional field book, permitting a convenient in­
terface with a computer and plotter, and re­
mote transmission of data by telephone, using 
an acoustic modem (see Figure 5-14). 

Because the horizontal circle is read elec­
tronically, the instrument can display the 
angle in degrees or grads, or subtract the 



Linear Measurements:EDM Instruments 79 

FIgUre 5-14. Data collector or electronic field book. Geodat 126 uses HP-41CX 
calculator as "administrative system" (display, keyboard, calculating capacity, and 
memory module) and adds HP Interface Loop, RS-232C interface, and additional 
memory for storing measurement data, file handling, and special programs. 
(Courtesy of Geodimeter.) 

angle from 3600 to display a counterclockwise 
angle. It is important to note that the smallest 
angular unit displayed (1", e.g.) is not a manu­
facturer's claim of accuracy. One manufac­
turer will, at extra cost, modify its instrument 
for greater accuracy and yet not change the 
smallest displayed unit. 

The combination instruments (manual, 
semiautomatic, and automatic total stations) 
are revolutionizing field procedures for all 
kinds of surveying. 
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6----
Angle Measurement: Transits and 

Theodolites 

Edward G. Zimmerman 

6-1. INTRODUCTION 

Three dimensions or combinations thereof 
must be measured to locate an object with 
reference to a known position: (1) horizontal 
length, (2) difference in height (elevation), 
and (3) angular direction. This chapter dis­
cusses the design and uses of surveyors' tran­
sits and theodolites to measure horizontal and 
vertical angles. 

6-2. ANGULAR DEFINITION 

An angle is defined as the difference in direc­
tion between two convergent lines. A horizon­
tal angle is formed by the directions to two 
objects in a horizontal plane, or by lines of 
intersection in the horizontal plane with the 
vertical plane containing the objects (Figure 
6-1). In surveying, one of the directions that 
forms a vertical angle is usually either (1) the 
direction of the vertical (unith) (hence, the 
angle is termed the zenith distance) or (2) the 
line of the vertical plane in which the angle 
lies with the horizontal plane, therefore called 
an angle of elevation (+), or angle of depression 
( - ) (Figure 6-2). 
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6-3. UNITS OF ANGULAR 
MEASUREMENT 

The sexagesimal system uses angular notation in 
increments of 60 by dividing the circle into 
360 deg; degrees into 60 min; and minutes 
into 60 sec. Therefore, a complete circle con­
tains 360°,21,600', and 1,296,000". This angu­
lar system is employed almost exclusively by 
surveyors, engineers, and navigators in the 
United States, as well as extensively in other 
parts of the world. 

The centesimal system of angular measure­
ment is based on a circle of 400 increments or 
grads (400 g); 100 centesimal minutes (IOOC) 
per grad; and each centesimal minute split 
into 100 centesimal records (IOOCC). The ease 
of addition and subtraction expressed in cen­
tesimal form leads to a decimal notation. Thus, 
21Og 71c84cc is noted as 210.7I84g • This 
method is used widely throughout Europe. 

The mil system divides a circle into 6400 
increments or mils. An angle of 1 mil subtends 
an arc of approximately 0.98 unit on a circle 
of lOOO-unit radius. 

A radian is the angle subtended at the 
center of a circle by an arc equal in length to 
the circle's radius. It is equal to 360° /27T or 
approximately 57°17' 44.8". Table 6-1 lists con­
versions between the four systems described. 
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6-4. BEARINGS AND AZIMUTHS 

Directions of lines being surveyed must be 
determined ann tien to a fixed line of known 

direction commonly defined as a reference 
meridian. A meridian is either a real survey 
line or an imaginary reference line to which 
all courses of a survey are angularly related. 

Four basic classifications of meridians com­
monly used by surveyors are as follows: 

1. Astronomic meridian. A line on the earth's 
surface having the same astronomic longi­
tude at every point (see Figure 6-3). 

2. Magnetic meridian. The vertical plane in 
which a freely suspended magnetized 
needle, under no transient artificial mag­

netic disturbance, will come to rest. 

3. Grid meridian. A line through a point parallel 
to the central meridian or y-axis of a rectan­
gular coordinate system. 

4. Assumed meridian. An arbitrarily chosen line 
with a directional value assigned by the ob­

server. 

The direction of a line is the horizontal 
angle from a reference meridian and can be 
expressed as an azimuth or bearing. 
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Figure 6-1. Horizontal and vertical angles and 
respective reference planes. 

6-4-1. Bearings 

The bearing angle of a line is measured 
from the north or south terminus of a refer­
ence meridian to the east or west, giving a 
reading always smaller than 90°. Bearings can 
be astronomic, geodetic, grid, assumed, com­
puted, forward, backward, and in property 
surveys, record, or deed bearings. In Figure 
6-4, the bearing of a line OA in the northeast 
quadrant is measured clockwise from the 
meridian. Thus, its bearing angle noted is 
N 45° E. Likewise, the bearings are measured 
counterclockwise, so for line OB it is 
S 37°43' W. Line OD in the northwest quad­
rant has a bearing angle of N 47°25' W. 

6-4-2. Azimuths 

Azimuths are angles measured clockwise 
from any reference meridian and range from 
o to 360° (Figure 6-4). They do not require 
letters to identify their quadrant. For example, 
the azimuth of line OA is 45°; line OB, 123°17', 
line OC, 217°43'; and line OD, 312°35'. Figure 
6-4 also shows that azimuths can be calculated 
readily from bearings, and vice versa. In plane 
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Table 6-1. Comparison of various angular definitions. 

Degrees Grads 

I deg = 1 1.11111 
1 grad = 0.9 1 
1 mil = 0.05625 0.0625 
1 rad = 57.29578 63.66198 

Mils Radians 

17.77778 0.017453 
16.0 0.015708 

0.0009875 
1018.59164 



Figure 6-3. Comparison of meridians. 
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surveying and navigation, aximuths usually are 
measured from north, but in geodesy and the 
military services they are referenced to south. 

Every line has two directions that differ by 
180°. In Figure 6-5, the forward bearing from 
point K to point L is N 26° E, and the back 
bearing is S 26°W; likewise, the forward az­
imuth of line KL is 260 AZN , and the back 
azimuth is 2050 AZN • 

6-5. OPERATIONAL HORIZONTAL 
ANGLES 

Three types of horizontal angles, shown in 
Figure 6-6, are defined as follows: 

1. Interior angles are measured clockwise or 
counterclockwise between two adjacent lines 
of a closed polygonal figure. 

2. Deflection angles, right or left, are measured 
from an extension of the preceding course 
and the "ahead" line. It must be noted 
whether the deflection angle is right (R) or 
left (L). 

3. Angles to the right are turned from the back 
line in a clockwise or right-hand direction 
to the "ahead" line. 
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Angles are normally measured with a sur­
veyor's transit or theodolite, but they can also 
be obtained with a sextant, compass, alidade, 
plane table, or tape. This chapter considers 
only angular measurements by transit or 
theodolite. 

6-6. HISTORY AND DEFINITION OF 
SURVEYOR'S TRANSIT AND 
THEODOLITE 

A transit is the surveying instrument having a 
horizontal circle divided into degrees, min­
utes, seconds, or other units of circular mea­
surement, and has an alidade that can be 
reversed in its support without being removed. 
It is equipped with a vertical circle or arc. 
Transits are used to measure horizontal and 
vertical angles, differences in elevation, and 
horizontal distances. Modern transits may vary 
in appearance or construction from earlier 
counterparts, but their principles of operation 
and use are comparable. 

The surveyor's transit probably originated 
in England during the 16th century. Refer­
ence was made in an early engineering essay 
to a "Topographical Instrument" that appears 
to be an ancestor of the modern transit. The 
first American-made transit was most likely 
constructed by William Young of Philadelphia, 
in 1831. However, it has been reported that 
Edmund Draper also constructed a transit in 
Philadelphia in the same year. 

Theodolites are precision surveying instru­
ments consisting of an alidade with a telescope 
and an accurately graduated circle, and 
equipped with the necessary levels and 
optical-reading circles. The glass horizontal 
and vertical circles, optical-reading system, and 
all mechanical parts are enclosed in an ali­
dade section along with three leveling screws 
contained in a detachable base or tribrach. 
The convenience and inherent precision of 
theodolites have greatly expanded their use, 
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Figure 6-4. Relationship of bearings and azimuths. 

and on most types of surveys, they now largely 
replace transits. 

The first optically read theodolite was pro­
duced in the early 1900s. Dr. Heinrich Wild 
designed the then-revolutionary instrument to 
replace the cumbersome, awkwardly read 
transit-type theodolites. This new instrument 
allowed an operator to simultaneously observe 
both sides of a horizontal circle by means of 
an optical micrometer, and to determine the 
arithmetical mean to within a few seconds. 

Wild's first optically read theodolite, known 
as the Wild TH-1, became available in 1923 

s 

r-----------~--------E 

B 

and was the ancestor of the modern Wild T-2 
theodolite. In 1935, Wild also designed an 
instrument manufactured by the Kern Com­
pany. This theodolite was christened the Kern 
DK-2 and became the forerunner for the Kern 
Company's present line of optical theodolites. 

The pioneer theodolites, as well as their 
modern counterparts, share the following ba­
sic features: (1) They are compact, lightweight, 
and easy to operate; (2) are shock-, weather-, 
and dustproof; (3) have high pointing and 
reading accuracy; and (4) use glass circles and 
precise graduations that permit small instru-
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Figure 6-5. Back or forward bearings and azimuths. 

ments to be used in triangulation work. A wide 
variety of theodolites is available for modern 
use, most of them based on Wild's original 
design. 

6-7. ANGLE-DISTANCE 
RELATIONSHIP 

Surveyors must know several relationships be­
tween an angular value and its corresponding 
subtended distance. Memorizing two simple 
trigonometric functions, sin l' = tan l' = 
0.00029 (approx.) and sin 10 = tan 10 = 0.0175 
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(approx.), permits a quick manual or hand 
calculator check on angle-distance relation­
ships. 

1" of arc 

= 1 ft at 40 mi or 0.5 m at 100 km (approx.) 

I' of arc = 1 in. at 340 ft (approx.) 

I' of arc 

= 0.03 ft at 100 ft, or 3 em at 100 m (approx.) 

Surveyors must strive to maintain a balance 
in precision for angular and linear measure­
ments. In Table 6-2, if distances in a survey are 
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F.gure 6-6. Different types of horizontal angles. (a) Interior angle. (b) Angle to right. (c) Deflection angle right. 
(d) Deflection angle left. 

Table 6-2. Comparison of angular and linear errors. 

Standard Error of Linear Error in Accuracy 
Angular Measurement 1000 ft 300m Ratio 

05' 1.454 0.436 1/688 
01' 0.291 0.087 1/3440 
30" 0.145 0.044 1/6880 
20" 0.097 0.029 1/10,300 
10" 0.048 0.015 1/20,600 
05" 0.024 0.007 1/41,200 
01" 0.005 0.001 1/206,000 



to be measured with a relative precision of 1 
part in 20,000, the angular error should be 
limited to 10" or smaller. 

6-8. TRANSIT 

6-8-1. Surveyor's Transit 

A transit can be called "the universal sur­
veying instrument" because of its many uses. 
Surveyors and engineers employ transits to (1) 
measure or layout horizontal angles and di­
rections; (2) determine vertical angles, differ­
ences in elevation (leveling), and distances in­
directly (tacheometry); and (3) prolong straight 
lines. The horizontal and vertical angles read 
have their vertex at the "instrument center," 
a point located at the intersection of the in­
strument's vertical and horizontal axes, as 
shown in Figure 6-7. 

Axi of 
plate bubble 

,./ 
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When properly setup and leveled over a 
survey point, the instrument's axis is identical 
to a vertical line between the point and its 
zenith. The horizontal axis is, of course, per­
pendicular to its vertical axis. Thus, the line of 
sight (pointing of the telescope) can be ro­
tated simultaneously in both horizontal and 
vertical planes while maintaining a correct ge­
ometric relationship. The line of sight is used 
to turn a vertical or horizontal angle and 
measure both with one set of pointings. 

6-8-2. Telescope 

A transit telescope closely resembles that of 
a level, as described in Chapter 7. Most level 
and transit telescopes are equipped for an 
erecting image, but to obtain superior optical 
qualities, some high-precision instruments have 
an inverting eyepiece with fewer lenses. Mod­
ern transit telescopes are the internal-focusing 

Figure 6-7. Geometry of the transit. 
(Courtesy of Teledyne-Gurley Co.) 
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type, generally have a 20- to 30-diameter mag­
nifying power, and are equipped with stadia 
cross wires (see Figure 6-8 for typical cross-wire 
patterns). Stadia measurements with transits 
are discussed in Chapter 22. 

A telescope is mounted on the transit's hor­
izontal axis by axles resting in bearings on top 
of standards that are integral with the upper 
plate (see Figure 6-9). Adjustable bearings en­
sure a truly horizontal axis, so the telescope 
can be rotated 3600 in an accurate vertical 
plane. The telescope is locked in any vertical 
position by a telescope clamp screw and fine 
pointing made by turning the telescope tan­
gent screw. A vertical circle connected to the 
horizontal axis is read by means of the vertical 
vernier attached to one of the standards. A 
telescope level tube with a sensitive vial is 
fastened to the telescope's underside allowing 
the transit to also be used as a level. 

6-8-3. Upper Plate 

The alidade of a transit consists of a hori­
zontal circular plate attached to a vertical 
spindle that allows the upper plate to rotate 

EBCBEB 
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FIgure 6-8. Cross-wire patterns. (a) Standard pattern on 
less precise transits. (b) Upper and lower wires for stadia; 
shorter to avoid confusion. (c) Double wires allow center­
ing rather than covering sighted object at distance. (d) 
Extended stadia lines. (e) For direct solar observation; 
diameter of circle is 15'45". 

about the instrument's vertical axis. Two ad­
justable level vials, one parallel to the tele­
scope and the other at right angles to it, are 
connected to the plates along with two verniers 
designated as A and B, set 1800 apart The 
level vials are also perpendicular to the verti­
cal axis, bringing it to vertical when the vials 
are leveled. 

6-8-4. Lower Plate 
A lower plate (Figure 6-7) mounted on a 

hollow (outer) spindle has a graduated hori­
zontal circle on its upper face. The upper 
plate or inner spindle perfectly fits the outer 
spindle of the lower plate, which rests in the 
tapered bore of the leveling head. With the 
exception of two observation windows, in 
which verniers and graduated horizontal circle 
meet and are viewed, the lower plate is com­
pletely covered by the upper plate. A clamp 
on the lower plate locks the inner and outer 
spindles so the upper and lower plates can be 
turned about the outer spindle as a single 
unit. This rotation is controlled by the lower 
clamp and tangent screw. 

6-8-5. Leveling Head 
The leveling head is a two-piece structure 

consisting of a base plate and collar that screws 
onto the tripod head. A vertical socket, which 
accepts the lower-plate outer spindle, is built 
into the base plate. Integral with the socket 
are four "spider" arms located 900 apart, ac­
cepting the leveling screws. The vertical 
socket-leveling screw unit is attached to the 
base plate by a half ball-and-socket joint held 
in place by a sliding plate beneath it. When 
the leveling screws are tightened, the sliding 
plate is pulled up against the underside of the 
base to hold the transit in a horizontal posi­
tion. If the screws are loosened slightly, the 
transit head can be shifted a small distance 
horizontally on the base plate. Thus, a fine 
lateral adjustment is achieved when centering 
the instrument over a survey point. 



Figure 6-9. Transit compass rose. 

Leveling the instrument by lengthening one 
set of screws and shortening the other rotates 
the instrument's vertical axis about the ball­
and-socket joint. A short chain with a hook for 
the plumb-bob string is attached to the lower 
end of the spindle. 
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Magnetic 
North Pole 

As the transit is leveled, the spindle axis 
becomes a continuation of the plumb line and 
places the instrument center directly over the 
survey point. Some transits are equipped with 
an optical plummet to pass a line of sight 
through a prism downward along the vertical 



90 Angle Measurement: Transits and Theodolites 

axis of the instrument. When the transit is 
leveled, the plummet's line of sight is vertical, 
so the instrument can be centered over a 
survey point without using a plumb bob. 

Summary 

A brief review of the functions of the tran­
sit's clamps and tangent screws follows: 

1. Vertical rotation of the telescope is con­
trolled by the vertical motion clamp and 
vertical tangent screw, generally mounted 
on the right-hand standard of the transit. 

2. The upper plate clamp locks the upper and 
lower circles together; the upper tangent 
screw permits a small differential rotation 
between the two plates. 

3. A lower plate clamp locks it to the leveling 
head; the lower tangent screw rotates the 
lower plate in small increments relative to 
the leveling head. 

4. If the upper plate clamp is locked and the 
lower one unlocked, the upper and lower 
plates rotate as a unit, thereby enabling the 
sight line to be pointed at an object with a 
preselected angular value set on the plates. 

5. With the lower clamp locked and the upper 
clamp loose, the upper plate can be rotated 
about the lower one to set a desired angular 
value. By locking the upper clamp, an exact 
reading or setting is attained by turning the 
upper tangent screw. 

6-8-6. The Compass 

The compass needle is made of magnetized 
steel and equipped with a cup-type jeweled 
center bearing to support the needle on a 
sharply pointed steel pivot post, thus allowing 
the needle to rotate freely in response to the 
earth's magnetic field. The needle assembly is 
contained within a glass-covered compass box 
attached to the upper plate. The steel mount­
ing post is identical to the vertical axis of the 
instrument. 

A lifter raises the needle off the pivot when 
not in use. If allowed to rest on the pivot while 
the instrument is being transported, the com­
pass needle bearing will be quickly worn or 
damaged. When released, the needle rotates 
until it is aligned with the magnetic north (or 
south) pole. 

The compass circle or "rose" directly be­
neath the needle is graduated, as shown in 
Figure 6-9. Note that east and west are re­
versed in the compass circle. The needle does 
not move during an observation; it remains 
stationary, pointing at the magnetic pole, while 
the circle (and line of sight) rotate beneath 
the needle. Thus, it provides the sight-line 
direction without need to switch the E and W 
letters when recording a magnetic bearing. 

On transits with a compass circle fixed to 
the upper plate, cardinal Nand S points of the 
circle are in the same vertical plane as the 
sight line; directions observed are therefore 
magnetic. Other transits are equipped with a 
movable compass circle, so a known or as­
sumed declination can be set by rotating the 
circle. Directions are then referred to true 
north (or true south in the southern hemi­
sphere). 

At best, the expected accuracy of a compass 
bearing is no better than about 1°. For addi­
tional techniques and precautions in using a 
compass, see Chapter 21. 

6-8-7. Tripod 

Most surveying instruments are mounted 
on a three-legged stand known as a tripod. It 
consists of two parts: (1) the upper component 
or tripod head and (2) a set of three legs. 

The tripod head has a male thread, usually 
3t in. in diameter with eight threads per inch, 
on which a transit is secured. Smaller or older 
instruments may have a 3-in -diameter thread 
size. Most theodolites employ a different 
mounting system that has a special ~-in. 
-diameter bolt with 11 threads per inch. Tran­
sit and theodolite tripods are not interchange-



able; however, the ensuing discussion applies 
to transits and theodolites, as well as tripods 
for levels, sighting targets, and other surveying 
instruments. 

Tripod legs are attached by adjustable ten­
sion hinges, permitting the legs to swing on a 
line radial to the tripod head's center. Legs 
may be fixed in length or adjustable, solid 
construction or split. A nonfixed-Ieg tripod is 
preferable because it is simpler to level the 
plates when setting up the instrument over a 
fixed point. Tripods are generally 4i to 5 ft 
tall. Special extension legs are available that 
raise the telescope height to 8 or 10 ft for 
sights over brush or other obstructions. All 
tripods have pointed metal feet, which are 
pushed into soft ground by stepping on a 
metal spur fixed at the lower end of each foot. 

To assure the best results from a surveying 
instrument, a stable tripod setup is required. 
Always plant tripod feet firmly in the ground 
to form an angle of approximately 600 be­
tween the leg and ground, with the telescope 
at eye-level height, if possible. When setting up 
on a sloping surface, one tripod leg should be 
pointed uphill to provide a stable instrument. 
On a hard surface, tripod feet should be set in 
a crack or depression, or anchored to each 
other by a chain loop or wooden framework. 
This prevents the legs from sliding outward 
and collapsing the tripod. 

Attention must be given to proper tripod 
maintenance. Bolts attaching the metal feet to 
legs must be tightened periodically to main­
tain rigidity. Leg hinges should be tight enough 
to almost hold an unsupported leg in a hori­
zontal position. If too tight, tripod hinges may 
bind then unexpectedly release, ruining an 
accurate setup. 

6-8-8. Graduated Circles 

Transits are equipped with horizontal and 
vertical circles, generally constructed of brass, 
bronze, or aluminum. During manufacture, 
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graduation lines and numbers are engraved 
on the circles by machine and filled with black 
or white paint for visibility. 

Vertical circles are commonly divided into 
quadrants of 900 each, with the number of 
degrees increasing to 900 in both directions 
from a 00 mark. The 00 mark of each set of 
quadrants coincides with the instrument's hor­
izontal plane. The circle is divided into half­
degree increments with every 100 division line 
numbered (Figure 6-10). 

Horizontal circles are graduated either in 
half-, one-third, or one-quarter-degree incre­
ments, with every 100 division line numbered. 
Different circles available are graduated from 
(1) 0 to 3600 in a clockwise direction; (2) 0 to 
3600 in both directions; or (3) 0 to 3600 in a 
clockwise direction with four 0 to 900 quad­
rants superimposed, as shown in Figure 6-11. 
Most surveyors prefer the 0 to 3600 in both 
directions style. 

6-8-9. Verniers 

Verniers are additional scales used to more 
accurately read transit circles. One vernier at­
tached to the left-hand transit standard is used 
in conjunction with the vertical circle. Two 
other verniers are integrated with the upper 
plate, 1800 apart, for reading the horizontal 
circle. A vernier enables readings of the circle 
much closer than the smallest circle division 
allows. Vernier principles are thoroughly dis­
cussed in Chapter 7 and apply to a transit 
vernier. 

Before using a vernier, determine the value 
of the smallest interval on the adjacent gradu­
ated horizontal or vertical circle. Verniers are 
designed to subdivide the scale unit into an 
equal number of vernier divisions. The angu­
lar value of the smallest vernier division is its 
least count. For example, in Figure 6-12b, the 
smallest vernier division is 30"; hence, it is 
classified as a 30-sec least count vernier. Most 
verniers are 1', 30", or 20" least count. Exam­
ples of various verniers are given in Figure 
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Figure 6-10. Vertical circle for transit. 

6-12; note that all verniers can be read in 
either direction. This type of vernier is a 
double.Jirect vernier. 

To determine (measure) a horizontal angle, 
read the horizontal circle as close as its least 
count permits with the index (zero) mark of 
the vernier. Next, read the value of the vernier 
line that is coincident with any division line on 
the circle; only one vernier division line will 
exactly align with a circle division line. Com-

I 

bine the two values read to determine the final 
value. For example, in Figure 6-12b, when we 
read left to right, the vernier's index mark 
falls between 130°00' and 130°20' on the cir­
cle, to provide a "rough" reading of 130°10'. 
Coincidence occurs at 09'30" on the vernier. 
Combining 130° and 09'30" equals 130°09'30", 
the final reading. 

The vernier must always be read in the 
direction that the angle is being turned. Proper 
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Figure 6-11. Horizontal circles for transits. (a) Graduated 0 to 360°, clockwise. (b) 
Graduated 0 to 360°, both directions. (c) Graduated 0 to 360°, clockwise, quadrants 
superimposed. 

reading direction is assured by matching slopes 
of the numbers on the circle and vernier. 

A magnifying glass must always be used 
when reading a vernier. An experienced oper­
ator using a glass can consistently estimate to 
one-half the vernier's least count. To avoid 
parallax error, observers must always position 
their eyes directly above the matching lines. 
Looking at division lines on either side of and 
immediately adjacent to the index mark is 
helpful to verify that a selected line is the 
correct choice. If two sets of vernier and scale 
lines seem to almost coincide, so a symmetri­
cal pattern exists, interpolating a middle num­
ber is reasonable. 

6-8-10. Transit Operation 

To remove a transit from its carrying case, 
hold either the leveling head or both stan­
dards. Do not lift by grasping the telescope. 

While holding the transit in both hands (with 
all motion clamps loose), attach the instru­
ment to a securely positioned tripod. Tighten 
the threads enough to prevent slack, but do 
not bind the leveling head on the tripod by 
overtightening. The transit! tripod unit can be 
carried by folding together the legs and plac­
ing it on your shoulder. Keep the tripod feet 
forward and the weight of the unit comfort­
ably balanced. Indoors or in bushy terrain, the 
tripod should be carried under your arms in a 
horizontal position with the transit forward, 
giving you more control in avoiding obstacles. 

6-8-11. Instrument Setup 

On reaching a setup location, extend the 
legs and center the tripod/transit by eye over 
the survey point. Attach the plumb-bob string 
to a hook under the leveling head, using a 
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Figure 6-12. Transit verniers. 

slipknot to create a loop of string. Slide the 
slipknot up or down to adjust the line length 
so the plumb bob is approximately ~ in. above 
the survey point. Bring the plumb bob into 
rough alignment over the point by moving 
one tripod leg at a time in a radial direction. 
The leveling plate is now brought to roughly 
horizontal by shifting an appropriate tripod 
leg in a circumferential direction. If an ad­
justable leg tripod is being used, combine 
lengthening or shortening the legs, with 
movement, to rough level and center. 

Align the plate levels over the opposite lev­
eling screws and turn each screw of a pair in 

opposite directions {lengthening one, shorten­
ing the other} with the thumb and forefinger 
of each hand. Do not overtighten; keep both 
screws in light contact with the leveling plate. 
A bubble will travel in the same direction as 
rotation of the left thumb. Mter both bubbles 
have been centered, slightly loosen a screw of 
each set to ease pressure on the leveling plate 
and shift the head laterally to bring the plumb 
bob exactly over the survey station. Retighten 
the screws, check plate bubbles for level, and 
relevel if necessary. Rotate the upper plate 
1800 and recheck for level. If the bubbles 
move off center by more than one division, an 



adjustment is necessary. See Chapter 8 for 
checking and adjustment procedures. 

A transit equipped with an optical plummet 
is set up in a similar fashion. The instrument is 
roughly centered with a plumb bob and lev­
eled. The plumb bob is removed and final 
centering achieved with the special cross-slide 
tripod head on optically plumbed transits. M­
ter optically centering the instrument, it is 
necessary to relevel. The plummet's line of 
sight is also the vertical axis of a transit, so the 
instrument must be recentered after relevel­
ing. An optical-plummet transit is faster to set 
up because the time needed to adjust and 
damp the plumb bob's swing is eliminated. It 
has a more accurate means of centering, par­
ticularly on a windy day. 

When transit operations have been com­
pleted, center the leveling head, equalize 
lengths of the leveling screws, and lightly 
tighten all clamps prior to "boxing" or putting 
away the instrument. At this time, check the 
transit to make sure it is clean and relatively 
dust-free. Be certain a cap is placed over the 
objective lens and the instrument fits securely 
in the case. If undue pressure is required to 
close the carrier, check to see whether the 
transit is correctly positioned. Any moisture on 
the instrument should be dried prior to putting 
it away. 

6-8-12. Measuring a Horizontal 
Angle with a Transit 

A horizontal angle is measured by first set­
ting the plates to read 0°00', then backsighting 
along the reference line from which the angle 
is to be measured. Mter the plates are 
"zeroed" using the upper motion clamp, up­
per tangent screw, and vernier, the line of 
sight is brought onto the backsight point by 
turning the lower clamp and lower tangent 
screw. The upper clamp is loosened and the 
telescope rotated independently of the circle 
until the line of sight is on the foresight target 
(see Figure 6-13). The angular reading is ob­
tained from the circle and vernier and 
recorded. 
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Figure 6-13. Single measurement of a horizontal angle. 

A step-by-step procedure follows: 

1. Loosen both clamps and bring the 0° circle 
mark roughly opposite the vernier index 
mark. This can be accomplished quickly by 
rotating the lower plate with fingertips 
pressed against its bottom surface. 

2. Tighten upper clamp and bring the zero 
(0°00') mark of the circle into precise align­
ment with the vernier index, using the up­
per tangent screw. When upper clamp is 
tight, circle and vernier (upper plate) are 
locked together as one rotating unit. 

3. With lower clamp still loose, point telescope 
(rotating upper and lower plate unit by hand) 
to backsight. 

4. Tighten lower clamp and use lower tangent 
screw to align the vertical cross wire with 
backsight. 

5. Loosen upper clamp and rotate upper plate 
until the telescope is roughly aligned with 
foresight. 

6. Tighten upper clamp and finish pointing by 
aligning vertical cross wire on the foresight 
by using upper tangent screw. 

7. Using a magnifYing glass, read and record 
angular value indicated by vernier. 
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6-8-13. Laying out a Horizontal 
Angle with the Transit 

In Figure 6-14, line IC will be laid out using 
angular reference to line IA employing the 
following procedure: 

l. Set up transit at f and zero plates. 
2. Point telescope along line fA and sight 

backsight A. Achieve fine pointing with 
lower tangent screw. 

3. Loosen upper clamp, rotate upper circle by 
hand, and find the preselected angle. 

4. Tighten upper clamp and perfect reading 
with upper tangent screw. 

The line of sight is now in the required 
direction and point C can be established on 
line IC. 

6-8-14. Measuring Horizontal 
Angles by Repetition 

Repeated measurements of an angle in­
crease accuracy over that obtained from a 
single measurement. To measure a horizontal 
angle by repetition, obtain an initial reading 
with a transit or repeating theodolite, as dis­
cussed in Section 6-8-12. Then, continue mea­
suring as follows: 

1. Read and record value for the initial angle, 
as noted in Section 6-8-12. 

2. Loosen lower clamp, plunge (transit) the 
telescope, rotate upper flower plate unit, and 
point to backsight. 

3. Tighten lower clamp and perfect backsight, 
pointing with the lower tangent screw. The 
telescope is now inverted and aligned on 
backsight, with the initial angle reading re­
maining set on the horizontal circle. 

4. Loosen upper clamp, rotate upper plate, 
and point at foresight 

5. Tighten upper clamp and complete fore­
sight pointing, using the upper tangent 
screw. 

6. A second angular measurement is accumu­
lated on the plates and read as the sum of 
the first and second angle. Divide the sum 
by 2 (or the number of repetitions) to deter­
mine average value of the angle. 

Repetitions are continued until the re­
quired measurement accuracy is met. Re­
peated sightings are fashioned in even­
numbered sets with the telescope plunged on 
alternate observations. The initial and final 
readings of a set are made with the same 
precision. The mean of a set (final 
reading/number of repetitions) has a preci­
sion exceeding that afforded by the vernier 
least count and scale graduations. Assume an 
angle 63°21'21" is measured with a 30" transit. 
A single observation can be read correctly to 
within 30" or 63°21'30" (possible error limit 
± 15"). Measured twice, the observed reading 

"e" (set) 

Layout angle 

Figure 6-14. Layout horizontal angle by single sight- "I" (occupied) Instrument "zeroed" and 
ing. backsighted along this line 

"A" (backsight) 



(to ± 15") is 126°42'30". Divided by 2, the 
average is 63°21 '15", correct to one-half the 
vernier's least count and has an error limit of 
± 07". Measured four times, the 253°25'24" 
reading averaging 63°21'22" is correct to 
within one-quarter of the least count, with a 
possible error of ± 03". 

As computed, the expected accuracy of a 
measurement is in direct proportion to the 
number of observations. However, factors in­
cluding possible eccentricity in instrument 
centers, errors in plate graduations, instru­
ment wear, and random errors associated with 
reading, setting, and pointing an instrument 
fix a practical limit on the number of repeti­
tions at about six or eight. Beyond this num­
ber, there is little or no appreciable increase 
in accuracy. 

Systematic instrument errors result because, 
in actual practice, geometrical relationships of 
a transit or theodolite (Section &.8-1) cannot 
be exactly maintained. When operations with 
repeating instruments include direct and in­
verted pointings, systematic errors of the same 
magnitude occur in opposite directions, thus 
largely canceling them out. Also, repeating an 
angular measurement provides a check for, 
and exposes, reading blunders. 

In summary, measuring angles by repetition 
(1) improves accuracy, (2) compensates for 
systematic errors, and (3) eliminates blunders. 

6-8-15. Laying Out Angles by 
Repetition 

Establishing an angle with accuracy greater 
than can be expected from a single pointing is 
accomplished by adaptations of methods de­
tailed in the preceding section. In Figure &.15, 
IA is an existing reference line, IB the line to 
be established. 

An instrument is set up at I, plates zeroed, 
and the sight line directed to a backsight on 
A. Turn specified angle AlB as accurately as 
the least count permits, fixing IB'. Temporary 
point B' is set at the required horizontal dis­
tance lB. Angle AlB' is then measured by 
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repetition enough times to attain a desired 
accuracy (Section &.8-14). Compare the value 
obtained for angle AlB' with that of angle 
AlB. Any difference is angle BIB', the angular 
correction needed to locate B within specified 
limits. Usually, the correction angle is too small 
to be laid off with a transit, so a direct offset is 
measured along an arc of a circle formed by 
radius lB. A convenient method of accom­
plishing the offset computation is to multiply 
length IB by angle BIB' converted to radian 
measure. For example (see Figure &.15), to set 
B 725 ft from I on a line 47°28' right of line 
Al to an angular accuracy of ± 05" using a 
I-min transit: 

1. Set up instmment at J, level, zero plates, 
and backsight on A. 

2. Turn off 47°28' right and establish B' at 725 
ft. 

3. Measure angle AlB six times by repetition 
and read total measurement of 284°46'. 

4. The mean of total angle (284°46' /6) is 
47°27' 40", accurate to ± 05". 

5) Move point B' 0.07 ft 

(

to right to establish 
B within ±05" limits 

B 

~C(B' 
I) Set B' (temporary) @ \ 

47°28'±30" \ 
2) Measure AlB' 6 times- \ 

determine 47° 27'4Q" ±05" \\ 

3) Correct location of B / \ 
is 20" right of B' \ 

4) Convert 20" to arc Distance: 
20"=0.0000969 rad. 
0.0000%9 x 725 ' = 0.07 ' 

Backsight 

A 

\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 
\ 
'\ 

Figure 6-15. Layout horizontal angle by repetition. 
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5. Comparing angle AlB' with angle AlB dis­
closes a difference of 20" to the left. 

6. Compute the correction arc: 20" (= 
0.00009696 rad) X 725 ft = 0.07 ft. 

6-8-16. Extending a Straight Line 

Often, it is required to prolong a straight 
line forward from an existing point. Set up a 
transit or theodolite at the end of the line and 
locate a new point on the line ahead. As 
shown in Figure 6-16, straight line HI must be 
extended to]. However, J is well beyond the 
range of visibility, but line If can be estab­
lished from a setup on I. The transit is back­
sighted to H, the upper and lower plates 
clamped, telescope plunged, a new point I 
sighted, and a point I set on the extended 
line. This procedure is repeated until the line 
reaches]. It is more accurate to plunge the 
telescope than turn 180° with the horizontal 
circle. 

If the telescope is misaligned or horizontal 
axis not level, it will be necessary to use the 

H (backsight) 

.,. J' 

I J 

/! 
Erroneous line j 
resulting from If» 
~n-adjusted I 

Instrument set, 
telescope plunged mstrum\ent/I 

p I, Instrument set, 
I telescope plunged 

I 
I 
Instrument set, 

telescope plunged 

Figure 6-16. Extend straight line, single plunge. 

"double-centering" method of prolonging a 
line as shown in Figure 6-17. To establish C, 
the instrument is set at B, the upper and lower 
plates locked, and a backsight taken to A. The 
telescope is plunged and a temporary mark 
made at C. Then, with the telescope remain­
ing inverted, the alidade is rotated 180°, again 
backsighted on A, the telescope plunged, and 
a second mark C' established. The two fore­
sights will have equal and opposite errors if 
the instrument is not in perfect adjustment. 
Therefore, the correct location of C will lie 
midway between C1 and C2 . 

6-8-17. Establishing Line 
Beyond an Obstruction 

Figure 6-18a depicts a simple method to 
extend a line around an obstruction. This 
procedure should be used only on low­
accuracy surveys. For greater accuracy, the 
method in Figure 6-18b is employed. A 90° 
angle is turned at A to establish A' at a 
suitable offset from the survey line. B' is set at 
90° and the same offset distance as AA' creat­
ing line A'B' parallel with AB. Line A'B' is 
then extended by setting C' and D', which are 
now occupied to establish C and D at 90° and 
offset distance BB'. The survey distance is 
obtained from the total length of line seg­
ments AB, B'C', and CD. To ensure reliabil­
ity, 90° angles at A, B, C', D' must be accu­
rately turned. It is also important to make 
lines AB and C'D', and offset distance AA' as 
long as practical. 

Another method of bypassing obstacles is 
shown in Figure 6-19c. The transit is set up at 
B and deflection angle ex, no larger than 
needed to clear the obstruction, is turned to 
locate C. Point C is occupied and an angle 2 ex 
deflected in the opposite direction from the 
first angle. D is established on the resulting 
prolongation of AB at the same distance as 
Be. Occupying D and turning a deflection 
angle x in the same direction as angle B 
produce line ABD ahead to E. It is necessary 
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Figure 6-18. Extending straight lines beyond obstructions. 
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Arbitrary setup c' 

A B C 

Lateral shift B-B ' = C-C ' X A-BI A-C 

Figure 6-19. Wiggling in. 

to calculate distance BD. Lengths AB and CD 
are equal so a convenient equation to use is 

BD = 2 X BX X cos a (6-1) 

6-8- 18. Wiggling In 

It may be necessary to set up on a line 
between two points not intervisible, but both 
discernible, from an intervening setup. Esti­
mate the alignment by eye and set up the 
transit. Backsight to the far point and plunge 
the telescope to check on the nearer one 
(Figure 6-19). Measure the resulting length 
ee' and use it to estimate the lateral shift 
required to bring the instrument on line. This 
operation may have to be repeated a few times 
until the final shift is within the instrument's 
sliding head limit. When the correct position 
is attained, check the alignment by double 
centering the transit between terminal points 
of the line. 

6-8-19. Vertical Angles 

Before measuring a vertical angle, check 
for index error by carefully leveling the instru­
ment and centering bubble in telescope vial 
with the vertical clamp and tangent screw. 
Check proper adjustment by rotating the up­
per plate 180°. If the bubble remains centered, 
the instrument is in correct adjustment. Read 
vertical circle with telescope bubble centered; 
if its reading is not 0°00', an index error exists, 
so all measured vertical angles must be cor-

rected. For example, if a + 00°03' index error 
is found, it has to be subtracted from all alti­
tude ( +) angles or added to depression ( - ) 
angles. 

To begin readings, place the horizontal 
cross wire exactly on the point being observed 
by using the vertical clamp and tangent screw. 
The angle is read on the vertical circle and 
vernier, then any index error is applied. 

For a transit equipped with a 360° vertical 
circle, vertical angles are observed with the 
telescope in both direct and inverted posi­
tions. The mean of angles read is correct, free 
of index error. 

Some modern transits have a movable verti­
cal vernier, which is controlled by a separate 
tangent screw and level bubble. The vernier is 
referenced to horizontal when the bubble is 
centered and, therefore, minimizes any index 
error. With transits of this type, the vernier 
bubble is leveled prior to reading vertical 
angles. 

6-8-20. Sources of Error 

Detailed definitions of errors affecting mea­
surements made with transits and theodolites 
are discussed in Chapter 3. Classifications in­
vestigated here are (1) instrumental errors, (2) 
personal errors, and (3) natural errors. 

Instrument Errors 

Proper functioning of transits and theodo­
lites depends on a precise geometrical rela-



tionship between instrument components. 
Although accurately manufactured and assem­
bled, instruments will not achieve and main­
tain this relationship without provisions for 
adjustment. If an instrument is in proper ad­
justment, geometry is maintained within ac­
ceptable limits. However, when maladjustment 
is present, unacceptable errors may result un­
less certain operational procedures are fol­
lowed. Sources of instrumental errors are as 
follows: 

1. Eccentricity oj verniers. If the difference be­
tween A and B vernier readings is not ex­
actly 1800 and constant around the entire 
horizontal circle, the verniers are offset. In 
this case, use only vernier A or the mean of 
both verniers. If the difference varies for 
circle positions, eccentricity of instrument 
centers is indicated. To compensate for this 
condition, observe angles at several other 
positions on the circle, mean the A and B 
vernier readings, and determine averages of 
observed values. 

2. Imperfect graduations. Only high-precision 
measurements are affected by this condi­
tion. If angular measurements are dis­
tributed around the circle and verniers 
mean ed, this error can be reduced to a 
minimum. 

3. Plate lrubble adjustments. The vertical axis of 
an instrument will not be truly vertical if 
maladjusted plate bubbles are used to level 
an instrument. Any inclination from vertical 
creates a variable error in both horizontal 
and vertical measurements that cannot be 
equalized by direct and inverted observa­
tions. A possible compensation is to center 
plate bubbles and rotate the upper plate 
180°. Observe the length of bubble run-out 
and bring each bubble back one-half that 
distance toward the center by manipulating 
the leveling screws. This will bring back the 
vertical axis to near vertical. Do not move 
leveling screws until all angular measure­
ments of a set have been completed. 

4. Line oj sight not perpendicular to horizontal axis. 
When an instrument's telescope having this 
error is plunged, the sight line describes a 
cone of error, whose center is the intersec-
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tion of sight line and horizontal axis. The 
error is most apparent in measuring a hori­
zontal angle on a backsight at a markedly 
different angle of elevation than for the 
foresight, or when plunging the telescope to 
prolong a line or turn deflection angles. All 
these errors can be minimized by meaning 
equal numbers of readings with the tele­
scope direct and reversed. 

5. Horizontal axis not perpendicular to vertical axis. 
If this error is present, the line of sight will 
describe an inclined plane when the tele­
scope is plunged. A horizontal angle mea­
sured with the backsight and foresight at 
different elevations will be erroneous. This 
error is similar to point 4 but it can be 
controlled by direct and plunged telescope 
pointings. 

6. Line oj sight not parallel with axis oj telescope 
level vial. This condition creates an error 
when an instrument is us~d for spirit level­
ing. It is eliminated by balancing lengths for 
fore- and backsights. An error is also intro­
duced when observing vertical angles, but 
compensated for by meaning equal num­
bers of direct and inverted sightings. 

Summary 

A brief review follows: 

(a) Instrument errors from inadjustment of 
plate bubbles or the horizontal axis affect 
vertical angles and increase in magnitude as 
vertical angles get larger. 

(b) Instrument error misaligning the sight line 
is greatest when plunging the telescope. No 
error results if the telescope is not plunged 
when measuring a horizontal angle be­
tween back- and foresight points at the same 
elevation. 

(c) All instrument errors are systematic but can 
be decreased to an acceptable level by 
meaning equal numbers of readings with 
the telescope in normal and inverted posi­
tions. Half the readings are too large, half 
too small. Averaging the sum gives the cor­
rect angle. 

Systematic errors are kept to a minimum by 
keeping instruments in correct adjustment. 
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Surveyors can perform certain adjustments in 
the field, as outlined in Chapter 8. However, if 
an instrument is damaged by being dropped 
or from an accidental blow, it should be sent 
to a professional repair facility. 

Personal Errors 

These errors result from limitations of hu­
man eyesight and judgment and are consid­
ered to be accidental. Examples are described 
in the following list: 

1. Not centering the instrument over an occupied 
point. This affects all horizontal angles mea­
sured there. Error magnitude varies in­
versely with the lengths of courses observed. 
A transit set 0.04 ft off center to measure an 
angle between sides 200 ft long causes an 
error of approximately 1 min. For 2000-ft 
sides, the error is about 6 sec. Thus, al­
though reasonable care should be taken in 
instrument centering over a station, spend­
ing extra time in positioning the transit per­
fectly is unnecessary, particularly on long 
sights. 

2. Not sighting directly on a point. This error has 
the same effect mentioned in the previous 
point. A pointing 0.10 ft off a target 350 ft 
away produces an angular error of approxi­
mately 1 min. The same pointing error for 
a mark 2000 ft distant is roughly 10 sec. 
Greater care must be exercised on shorter 
sight distances, and a narrower object 
(plumb-bob string or pencil point) used. 

3. Misreading vernier. An accidental error oc­
curs when the observer does not use a mag­
nitying glass, or reads the scale and vernier 
graduations in a non radial direction. An 
experienced instrumentperson can correctly 
estimate to one-half the vernier's least count. 

4. Impraper focusing (parallax). Care must be 
taken to sharply focus the cross wire and 
objective-lens images. Horizontal and verti­
cal angles suffer in accuracy when improper 
focus causes parallax. 

5. Levellntbbles not centered. Plate bubbles should 
be checked frequently during operations, 
but not releveled during a measurement set 
(as they are in differential, profile, and other 

leveling projects). If an instrument is acci­
dentally bumped, relevel and begin the in­
terrupted operation again. 

6. Displacement of tripod. Survey personnel must 
exercise care when walking around an in­
strument. If set up on soft ground, it can 
easily be displaced by one step near a tripod 
foot. The instrument can also be disturbed 
if contacted by loose clothing or a carelessly 
carried tool. If moved, reset it and repeat 
the work in progress when the disaster oc­
curred. 

To summarize, personal errors are acciden­
tal and cannot be entirely eliminated, only 
reduced in number and magnitude through 
proper techniques. They constitute the major 
factor in angular measurement inaccuracy. 
The prime sources of personal errors are 
caused by failing to exactly read and set vernier 
and micrometer scales and in not making per­
fect pointings on targets. 

Natural Errors 

Natural errors are defined as those created 
by the following: 

1. Poor visibility resulting from rain, snow, fog, 
or blowing dust. 

2. Sudden temperature changes, causing un­
even expansion or contraction ofinstru­
ments or tripods. 

3. Unequal refraction deforming the line of 
sight or inducing a shimmering effect (heat 
waves) that make it difficult to accurately 
observe targets. 

4. Settlement of tripod feet on hot pavement, 
or soft and soggy ground. 

5. Gusty or high-velocity winds that vibrate or 
displace an instrument, move plumb-bob 
strings, and make sighting procedures dif­
ficult. 

In summary, natural errors generally are 
not enough to affect work of ordinary preci­
sion. To lessen their effect in higher-order, 
certain steps can be taken, such as reducing 



temperature changes and refraction problems 
by shielding the transit from the sun with an 
umbrella, or performing work at night. When 
surveying in soft or swampy areas, support 
tripod legs on long wooden stakes driven into 
any unstable ground. Always discontinue work 
when weather conditions become unreason­
ably severe. 

6-9. OPTICAL THEODOLITES 

6-9-1. Descriptions 

Two types of theodolites are available: 
double-center and directional. Both share cer­
tain features, but each has unique operating 
principles. Differences in them will be dis­
cussed. 

Compared with transits, theodolites are 
compact and generally weigh only about 10 lb. 
Their vertical axis is cylindrical and rotates on 
precision ball bearings. The horizontal and 
vertical circles are made of glass and have 
precisely etched graduation lines and numer­
als. Optional models have graduations in de­
grees, grads, or mils. The circles, optical­
reading system, and mechanical parts are to­
tally enclosed within a weather- and dust-proof 
housing. All circle readings and bubble posi­
tion checks can be made from the eyepiece 
end of the telescope, thereby eliminating un­
necessary movement around the instrument. 

Telescopes are usually short, fully tran­
sitable, and equipped with a large objective 
lens; they contain a glass reticle having an 
exactly engraved set of cross lines, and have 
internal focusing to provide sharp views even 
at relatively short ranges. The alidade can be 
detached from its mounting or tribrach. 

Three screws supporting the tribrach are 
used to level the instrument in concert with a 
circular (bull's-eye) bubble on the tribrach, and 
a single level is mounted on the alidade. The 
vertical circle is equipped with either an in­
dexing level bubble or automatic compensator 
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to establish a horizontal reference plane mini­
mizing "index error." 

Angles are read through an optical system 
consisting of a microscope and series of prisms. 
An adjustable mirror on the outside of the 
instrument housing reflects light into the 
reading system; a battery-powered light pro­
vides illumination for night work. 

6-9-2. Repeating Theodolites 

This type of theodolite is constructed with a 
double vertical axis similar to a transit, cylin­
drical rather than conical as in a transit. Re­
peating theodolites are equipped with upper 
and lower circle clamps and tangent screws 
and can be used to measure angles by repeti­
tion. 

Generally, horizontal and vertical circles are 
graduated in 20-sec or I-min increments, both 
circles having the same least count. Some 
theodolites read directly to 6, 10, or 30 sec. 
Most horizontal circles are divided from 0 to 
360° in a clockwise direction. Vertical circles 
are also graduated from 0 to 360°, 0° corre­
sponding to the instrument's zenith. With the 
telescope level, in normal position, a zenith 
angle of 90° is read; in an inverted position, 
the zenith angle is 270°. Figures 6-20 and 6-21 
show typical repeating theodolites. Each of 
these models is equipped with automatic com­
pensators to correctly orient the vertical circle; 
both have a telescope magnification of 30 X 
and 30"/2 mm plate-bubble sensitivity. Both 
types use optical plummets. 

The Wild T-l (Figure 6-20) can be read 
directly to 6" with estimation to 3" for both 
circles. Figure 6-20 shows the field of view 
observed through the T-l's reading micro­
scope. Zenith angles appear in the upper win­
dow (V); horizontal angles are seen in the 
lower window (Hz); and the micrometer read­
ings viewed in the middle opening. To read an 
angle, rotate the micrometer knob (Iocated on 
the right standard) and center a circle gradua­
tion line between the double index marks. 
Direct numerical reading of the micrometer 
setting then is found in the right-side window. 



104 Angle Measurement: Transits and Theodolites 

Figure 6-20. T-I repeating theodolite. 
(Courtesy of Wild Heerbrugg Instruments, 
Inc.) 

The angle depicted in Figure 6-20 is 

Upper window (zenith angle) 87° 

+ Right window (micrometer setting) 27'09" 

Final reading (to nearest 03") = 8r27'09" 

Figure 6-21. Kern KI-S repeating theodo­
lite. (Courtesy of Kern Instruments, Inc.) 

Both circles appear simultaneously in the 
reading microscope, so the Hz circle is yellow, 
the V circle white. 

The Kern K1-S (Figure 6-21) is identical in 
basic operation to the Wild T-1 except for its 
circle-reading method. Figure 6-21 presents 

HoriLOOlai circle 
r ading- 6 21. I ( I) 

291 J.2 ' ( .\) 



the K-1's -reading microscope field of view. 
Upper window (V) displays a zenith angle, 
middle opening (H) the clockwise horizontal 
angle, and bottom window (arrow to left) ex­
hibits the counterclockwise horizontal angle. 
Observed angles are direct scale observations, 
read to 0.5 min with estimation to 0.1 min. 
Thus, the readings in Figure 6-22 are 

Zenith 78°35.7' 
Horiz. (clockwise) 68°21.8' 

Horiz. (counterclockwise) 291°38.2" 

Basic angular measurement operations with 
a repeating theodolite are identical to those 
for a transit. Sections 6-8-14 through 6-8-16 are 
also applicable to repeating theodolites. On 
older theodolites, a spirit level attached to the 
vertical circle must be centered prior to read­
ing a zenith angle. Modern theodolites are 
equipped with an automatic compensator to 
minimize inclination of the vertical axis in 
zenith angle measurement. 
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6·9·3. Directional Theodolites 
A directional theodolite is not equipped 

with a lower motion. It is constructed with a 
single vertical axis and cannot accumulate 
angles. It does, however, have a horizontal 
circle positioning drive to coarsely orient the 
horizontal circle in any desired position. A 
directional-type theodolite with plate-bubble 
sensitivity of, generally, 20"/2 mm division is 
more precise than repeating theodolites. 

Directions, rather than angles, are read. 
After sighting on a point, the line direction 
from instrument to object is noted; when a 
pointing is taken on the next mark, the dif­
ference in directions between them is the 
included angle. Optical-reading systems of di­
rection instruments permit an observer to si­
multaneously view the circle at diametrically 
opposite positions, thus compensating for any 
circle eccentricities. 

Theodolites shown in Figures 6-22 and 6-23 
are typical of directional theodolites. Both are 

Figure 6-22. Wild T-2 directional theodolite. (Courtesy of Wild Heerbrugg 
Instruments, Inc.) 
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equipped with a micrometer scale that pro­
vides horizontal and vertical circle readings 
directly to 1" (with estimation to 0.1"), auto­
matic compensators for vertical circle orienta­
tion, and optical plummets. 

Figure 6-22 shows the field of view through 
the reading microscope of a Wild T-2 theodo­
lite. The upper window exhibits vertical lines 
above and befow a thin horizontal line, repre­
senting simultaneous readings on opposite 
sides of the horizontal or vertical circle. Rota­
tion of the micrometer knob brings a set of 
lines into coincidence and moves a pointer in 
the middle window to display circle readings 
directly to 10 min. Single minutes and seconds 
estimated to the nearest 0.1 sec are obtained 
through the bottom window. The reading in 
Figure 6-22 is 

Middle window (after coincidence) 94°10' 
+ Lower window (after coincidence) 02' 44" 

Final reading 94°12'44" 

Choice of a vertical circle (white) or horizontal 
circle (yellow) is determined by the position of 
a selector knob, located on the instrument's 
right standard. 

Figure 6-23. Kern DKM 2-A directional 
theodolite. (Courtesy of Kern Instruments, 
Inc.) 

A different format is used for reading the 
Kern DKM-2AE. Figure 6-23 illustrates the view 
seen in its reading microscope. The upper 
window displays a vertical circle reading in 
degrees (large number) and nearest 10 min 
(framed by cursor). The vertical (V) and hori­
zontal (H) coincidence scales are located di­
rectly below the top window. Each contains a 
pair of double index lines superimposed over 
a pair of single lines regulated by the microm­
eter control knob. To read an angle, obtain 
coincidence of the selected circle by rotating 
the micrometer knob and centering the single 
line within the double index marks. Degrees 
and tens of minutes are read in the upper 
window: the large upper window for vertical 
angles, the large lower window for horizontal 
angles. The direction in Figure 6-23 is read as 
follows: 

Coincidence achieved 
Top window (vertical) 85°30' 

+ Bottom window (sec/min) 35'14" 

Zenith angle 85°35'14" 

When observing horizontal angles, use the 
third window from the top (H) to achieve 
coincidence and read the horizontal angle im­
mediately below. 



6-9-4. Electronic Theodolites 

Recent developments in electronics have 
been incorporated into surveying instrument 
manufacturing, and several digital theodolites 
are now on the market. They are designed to 
automatically read, record, and display hori­
zontal and vertical angles. Their basic design 
and operation is similar to those previously 
discussed; however, these electronic models 
can display results digitally or store data di­
rectly in an electronic data recorder for later 
retrieval, computing and plotting by an office 
computing system. 

Figure 6-24 shows the Wild T2000, a newly 
developed electronic theodolite. When 
equipped with a Wild Distomat EDMI, the 
T2000 becomes a total station, capable of 
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measuring and displaying horizontal and verti­
cal angles, horizontal distance, and elevation 
difference. An on-board computer reduces 
slope distances and corrects horizontal dis­
tances for earth curvature and refraction. Co­
ordinates for a currently occupied station are 
calculated if starting values are entered for the 
initial traverse point. 

T2000 uses a dynamic angle-measuring sys­
tem, allowing a full scan of the rotating circle 
during each measurement. Graduations 
around the entire circle are considered during 
each observation, eliminating the effect of 
graduation errors and any residual eccentricity 
of the circle and axis. Internal precision of the 
measuring system is about ± 0.2". However, 
the manufacturer states that when atmo­
spheric and pointing errors are considered, 

Figure 6-24. Wild T-2000 electric 
theodolite equipped with an EDMI. 
(Courtesy of Wild Heerbrugg Instru­
ments, Inc.) 
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the standard deviation for a mean normal and 
inverted pointing is ± 0.5". 

6-9-5. Theodolite Setup 

Roughly level and center the tripod over 
the point to be occupied. Lift the theodolite 
from its case by the standards or, if equipped, 
the lifting handle. Place the instrument on the 
tripod and attach it by firmly tightening the 
tribrach attachment bolt. The instrument can 
be centered like a transit (horizontal location 
by plumb bob, fine centering by optical plum­
met), but the following method using an 
adjustable-leg tripod is faster. 

Mter selecting a setup point, place one 
tripod leg about 2 ft beyond it. Next, grasp the 
other two legs and, while looking through the 
optical plumb, position legs so the point occu­
pied is visible in the plummet eyepiece. Push 
legs firmly into the ground and, while looking 
through the plummet, bring the cross wires 
over the setup point by adjusting the level 
screws. Next, roughly center the bull's-eye level 
by changing the tripod leg lengths to approxi­
mately center and level the instrument over a 
point. The setup is completed by carefully 
leveling the theodolite and then precisely po­
sitioning it over the mark by lateral shifting on 
the tripod head. During final centering of the 
instrument, do not rotate it; if the tripod head 
is not level, rotation will take a theodolite out 
of level. 

Theodolites are equipped with three level­
ing screws, a single plate level, and a circular 
bull's-eye level used mainly for coarse setup 
purposes. Final leveling is done with the screws 
and plate bubble in the following four steps: 

1. Rotate instrument and align the plate­
bubble axis with two leveling screws. 

2. Center plate bubble by adjusting the screws, 
rotate the instrument 90°, and use the third 
screw to recenter bubble. 

3. Repeat those procedures, then reverse to 
make a final leveling check. 

4. If the alidade bubble moves more than two 
divisions upon reversal, it must be read­
justed. 

6-9-6. Horizontal Angles with 
Directional Instruments 

As noted in Section 6-9-3, a directional 
theodolite reads directions or "positions" on 
its horizontal circle. The difference in direc­
tions to two points is the angle included be­
tween them. 

The following methods are used with the 
Wild T-2 theodolite, but can also be employed 
with other directional instruments. Figure 6-25 
is a diagram of the measurement procedure 
for a theodolite set up at Q. With the horizon­
tal clamp loose, make a rough pointing to K, 
tighten clamp, and perfect pointing with the 
horizontal tangent screw. Coincidence is 
achieved with the micrometer knob and line 
direction QK observed as 12°31'16". Next, 
loosen the horizontal clamp, rotate instru­
ment, and point roughly on L. Tighten hori­
zontal clamp, and using the horizontal tangent 
screw perfect pointing and observe line direc­
tion QL as 76°11 '39". Subtracting QL from 
QK gives an angle 63°40'23". 

Note that no attempt was made to set the 
horizontal circle on zero, although the 
theodolite has a control to move it to a prede­
termined approximate position. This control is 
very coarse and does not permit fine settings. 
Trying to make exact settings of the "seconds" 
portion of any position is not recommended. 

Measuring Horizontal Angles by 
Repetition 

Repetitive direction measurement requires 
each line to be observed with the telescope in 
direct and reversed positions. The directions 
are meaned and the results used to calculate 
an angle. A complete set of direct and reverse 
observations to a point is termed a position. An 
example set of field notes for directions to 
points H, I, and j, with a Wild T-2 theodolite 
setup at K is shown in Figure 6-26. 

The following measurement procedure 
refers to those noted: 

1. Loosen horizontal clamp and point at H, 
the left-most station of the set, designated 
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K 

Observed direction 

Q 76° 11'39" 
F.gure 6-25. Horizontal angle with direction 

L instrument. Single measurement. 

the initial point. Initializing on H permits 
directions to be read and recorded in a 
clockwise sequence. 

2. Lock the horizontal clamp and use the 
circle-drive knob to ft!t approximately 
00°00'10" on the circle. 

3. Perfect pointing and read the directions to 
H (00°00'34"). Loosen horizontal clamp and 
point on I; tighten clamp and finish point­
ing. 

4. Read and record the direction to I 
(202°21'53"). 

5. Use the same routine to observe and record 
the direction to ] in completing the posi­
tion's first step. 

6. Next, loosen the horizontal clamp, rotate 
alidade 180°, reverse the telescope, and point 
again to J. 

7. Read and record the direction, which will 
differ by approximately 180° from the first 
reading. 

8. With scope inverted, sight to I and] (coun­
terclockwise), completing the first position 
or set of angles. 

In this example, it was required to complete 
two positions. Distribute the readings uni­
formly around the circle by making a second 
initial position pointing at H, with approxi-

mately 90°20'20" set on the circle. Perfect 
pointing, read and record the direction to H 
(90°22'29"). Complete a second position by 
measuring the remaining directions in the set 
with the telescope direct and reversed. 

Always reduce notes prior to leaving all 
occupied stations by meaning direct and in­
verted observations for every pointing in the 
position, then determine the mean direction 
for each position. Compute all the meaned 
directions by subtracting the value of the 
meaned initial direction (KH) to get final 
directions. If any position varies from the mean 
of all positions by more than ± 5", reject it 
and reobserve that particular position. 

6-9-7. Zenith Angles with a 
Theodolite 

Unlike transits, theodolites are not 
equipped with a telescope level. One of two 
different mechanical arrangements is used to 
orient a theodolite's vertical circle to its zenith. 

The first method, used on older instru­
ments and more precise theodolites, is to at­
tach a spirit level on the vertical circle. A 
separate tangent screw rotates the circle about 
its horizontal axis to center the bubble and 
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Figure 6-26. Example field notes for horizontal angle by repetition with direction instrument. 

minimize index error. The general procedure 
in using this instrument type is to point the 
horizontal cross wire on an observed object, 
then center the bubble orienting the circle. 
Neglecting to center the bubble introduces an 
accidental error of unknown size into a mea­
sured angle. 

The second indexing method utilizes an 
automatic compensator responding to the influ­
ence of gravity. With the theodolite properly 
leveled, the compensator is free to bring the 
vertical-circle index to its true position in much 
the same wayan automatic level compensator 
functions. Automatic compensators are gener­
ally of two types: (1) mechanical, whereby a 
suspended pendulum controls prisms direct­
ing light rays of the optical reading system or 

(2) an optical system, in which the optical path 
is reflected from the level surface of a liquid. 

Zenith observations generally follow this 
routine: 

1. Point instrument on object to be observed. 

2. With the telescope in direct mode and verti­
cal clamp loose, set horizontal cross wire on 
object, tighten vertical clamp, and perfect 
pointing with vertical tangent screw. 

3. If the instrument is not equipped with an 
automatic compensator, index the vertical 
circle by centering bubble, then read and 
record the vertical angle. 

4. Rotate alidade 180°, loosen vertical clamp, 
repoint on target with telescope inverted, 
and read and record the observed zenith 
angle. 



5. A mean zenith angle is obtained by first 
adding the direct and reverse readings to 
obtain the algebraic difference between their 
sum and 360°, then dividing this difference 
by 2, and algebraically adding the result to 
the first (direct) series measurement. 

6. The result is the zenith angle corrected for 
any residual index error. 

If greater reliability is required, repeat the 
steps and determine mean values. The result 
of an individual set should agree with those of 
at least two sets within the following limits: 

1// theodolite ± 5// 

20// theodolite ± 12// 

I' theodolite ± 12// 

If these limits are not met, read additional sets 
until the rejection limit is satisfied. 

Zenith (Z) angles can readily be converted 
to vertical (V) angles. For example, 79°51'14" Z 
is resolved: 

A 101°31'06" Z equals 

(90°00'00" - 101°31'06" V) or -11°31'06" V 

Zenith angles from the inverted sightings are 
273°16' 47" Z equals 

(273°16'47// - 270°00'00//) = +03°16'47" V 

and 264°21'32" Z equals 

(264//21'32" - 270°00'00//) = -05°38'28" V 

Figure 6-2 illustrates the relationships. 

6-9-8. Horizontal Angle Layout 
by Directional 
Theodolites 

Layout of horizontal angles can be done in 
the following manner: 

1. Set up, level, and center the instrument 
over a selected point; obseIVe and record 
the direction to reference backsight. 
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2. Add the required angle to the reference 
direction to determine the direction of line 
being established. 

3. Put this answer in the instrument, using the 
micrometer knob to set the desired single 
minutes and seconds. 

4. Loosen the horizontal clamp and rotate 
alidade until degrees and tens of minutes 
are roughly located in the microscope. 

5. Lock the horizontal clamp and finish set­
ting, employing the horizontal tangent 
screw to bring appropriate division lines 
into coincidence. 

6. Sight through the telescope to mark a point 
on the established line. 

7. Loosen the horizontal clamp, rotate ali­
dade 180°, invert telescope, and sight to 
newly set point. 

8. Read and record the direction, loosen hor­
izontal clamp, point on backsight, deter­
mine direction, and calculate the angle. 

9. If the second angle differs by more than 10 
sec from a first (layout) angle, repeat the 
entire procedure from a new start. 

10. If a wide variance continues on additional 
repetitions, check the theodolite for malad­
justment. 

6-9-9. Forced Centering 

Most modern theodolites are mounted in a 
detachable tribrach that permits the instru­
ment to be quickly interchanged with an EDM 
reflector or sight pole without disturbing in­
tegrity of the tripod/tribrach setup. To take 
full advantage of the interchangeability and 
"forced-centering" operation, a survey crew 
should be equipped with three or more tri­
pod/tribrach sets and the necessary adapter 
hardware. 

A list of steps in the forced-centering proce­
dure follows: 

1. On completing obseIVations at a station, the 
theodolite is detached from its tribrach, 
leaving a tripod/tribrach unit centered and 
leveled over the station. 

2. The theodolite is carried ahead to the next 
station and attached to a tripod/tribrach 
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from which the foresight target has been 
removed. 

3. The rearmost or former backsight unit is 
picked up and carried forward to a new 
station to be observed, set up and a foresight 
target fastened. 

Advantages of forced centering are obvious: 
Instead of three separate setups at every sta­
tion (foresight, theodolite occupation, and 
backsight), only a single placement of the tri­
pod/tribrach unit is necessary. Two opportu­
nities for accidental setup errors have been 
eliminated. 

6-9-10. Expected Accuracy of 
Theodolites 

Results derived from testing, manufacturer's 
technical specifications, and conservative as-

sumptions indicate that the accuracy of mea­
surements made by experienced personnel, 
under favorable conditions and using instru­
ments in good adjustment, are reasonablyex­
pected to be within the following limits. 

For a I-sec theodolite, most angles mea­
sured should have a probable error not more 
than 

(a) One position (1 direct, 1 reverse) ± 4" 
(b) Two positions ± 3" 
(c) Four positions ± 2" 

For a I-min theodolite, the maximum error 
in most angles measured by repetition is 

(a) Turned twice 
(b) Four repetitions 
(c) Six repetitions 
(d) Twelve repetitions 

± 7" 
±4" 
±3" 
±2" 
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Leveling 

Robert J. Schultz 

7 -1. INTRODUCTION 

Leveling is a process to determine the vertical 
position of different points below, on, or above 
the ground. In surveying operations, vertical 
elevations and vertical control are generally 
derived independently of horizontal control. 
Some modern positioning devices, termed to­
tal stations, allow simultaneous determination 
of spatial coordinates. Elevation is the vertical 
distance above a well known datum or arbi­
trary reference surface. Elevations are helpful 
for the placement of a water drain line to 
provide free gravity flow, construction of a 
sports playing field, and among other applica­
tions, the vertical layout of a roadbed to allow 
a smooth flow of trucks and trains, which must 
ascend or descend sloping terrain. 

Usually, elevation measurements are made 
above a specific reference surface, such as 
mean sea level. This surface may be defined as 
the position of the ocean if all currents and 
tides cease to exist. It is then projected under 
the land surface. It is a surface on which 
gravity measurements would all be the same 
value, and hence it may be called an equipo­
tential gravity surface and, more specifically 
the geoid. The earth's gravity field decreases 
with distance above mean sea level. Scientific 

studies have located this surface by such vary­
ing techniques as continuous tide gage read­
ings and calculations employing artificial vari­
ations in satellite orbital elements. 

7-2. DEFINITIONS 

Figure 7-1 demonstrates a basic vocabulary of 
words used in leveling literature. All surfaces 
shown are referenced to the physical plumb­
bob line at a point, such as A. This line is the 
direction that the string of a free-hanging 
plumb bob takes in a still atmosphere. Con­
ventionalleveling equipment is constructed to 
place the telescope line of sight in a plane 
perpendicular to the plumb-bob line. 

A vertical line follows the direction of gravity 
(plumb-bob line) through any point, such as 
B. If points A and B are several miles apart, 
curvature of the earth causes plumb-bob lines 
through A and B to converge. Because of 
curvature, mass density changes and hidden 
masses below the earth's surface, all vertical 
lines are not parallel, even at close spacing. 
Generally, however, gravity variations are small, 
and these lines can be considered parallel in 
most applications. Surveys performed under 
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EQUIPOTENTIAL 

./ 
/ 

/ \ VERTICAL ANGLE 

PLUMB LINE: PERPENDICULAR TO 
GRAVITY SURFACES 

Figure 7-1. Leveling nomenclature. 

this assumption are considered to be plane 
surveys. 

A horizontal line is perpendicular to the 
vertical line at a point under consideration. 
Spirit or pendulum-type levels make the line 
of sight horizontal, hence, the sight line can 
be rotated in the horizontal plane when an 
instrument is properly set up. 

A level line is a line in a level surface. A level 
surface has all points perpendicular to the 
direction of gravity and hence is curved. To 
many people, horizontal and level surfaces are 
synonymous, but surveyors draw a clear dis­
tinction between them and attempt to meas­
ure vertical distances between level surfaces to 
obtain elevations. 

The difference in elevation between two points 
A and B is expressed as vertical distance 

through point A along a vertical line to the 
intersection of a level line or surface through 
point B. The elevation of point B in Figure 
7-1 is found by subtracting the difference in 
elevation AB from A to give B a lower eleva­
tion. Points below mean sea level are consid­
ered negative quantities. 

A bench mark (BM) is a permanent point of 
known elevation. It is located by arbitrary as­
signment of a fixed elevation or extension of 
vertical control. High-order field work based 
on a beginning reference surface, such as 
mean sea level, usually provides the basis for 
the network. The BM should be permanent, 
stable, and a recoverable object such as a brass 
cap, steel pipe, or man-made object listed with 
a description in some public agency's table of 
vertical-control data. The most commonly used 



reference datum in the United States is the 
National Geoditic Vertical Datum of 1929, for­
merly known as the Sea Level Datum of 1929. 

7 -3. DIRECT LEVELING 

Elevations of points are determined by direct 
and indirect means. Most vertical control for 
engineering construction is accomplished by 
direct leveling. In this method, elevation differ­
ences between a continuous short series of 
horizontal lines is determined by direct obser­
vations on graduated rods, using an instru­
ment equipped with a sensitive spirit level, or 
a pendulum-type "automatic" level. Figure 7-2 
illustrates this procedure. 

First- and second-order vertical-control sta­
tions are established by the National Geodetic 
Survey (NGS) along lines at approximately 
I-km spacings to form grids 50 to 100 km 
square. Other federal, state, city, and county 
organizations provide control of lower order. 
The U.S. Geological Survey prepares Control 
Survey Data maps at a scale of I: 250,000, 
showing major federal lines for use by local 
communities and surveyors. Those desiring in­
formation on first- and second-order NGS lines 
can write or call: The Director, NGS Informa­
tion Center, NOAA, Rockville, MD 20852, to 
order data sheets listing adjusted mean sea­
level bench marks included in the national 
network. 
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Many state highway offices also provide ad­
ditional information about local vertical con­
trol. It is common to use these given data and 
run a line of levels to a construction job site, 
thus providing a temporary bench mark to 
control all other site elevations. Farmers wish­
ing to drain their fields may assign an arbitrary 
elevation to a fixed point or rock outcrop in 
the area and refer all elevations to it. 

7 -4. PROCEDURES IN DIFFERENTIAL 
LEVELING 

From its written description, a beginning 
bench mark is located; then 10 to 100 m from 
the bench mark, the instrument is set up and 
leveled. A backsight (BS) to the bench mark is 
observed on a plumbed graduated rod, and 
the height of instrument (HI) determined by 
the formula HI = elev BM + BS. The BS may 
be negative if the rod is held in a mine survey 
against the tunnel roof. A foresight (FS) read­
ing is taken on the rod held at any suitable 
point, thus creating a temporary bench mark 
(TBM) or turning point (TP). To eliminate 
systematic instrumental errors, the backsight 
and foresight should be approximately equal 
in length. Then elev TP (or TBM) = HI - FS. 
A series of such setups is taken until the final 
permanent bench mark is reached. The in­
strument can be set up and operated this way, 
by a skilled operator, under most topographic 
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Figure 7-2. Direct leveling. 
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conditions. Briefly stated, differential leveling 
consists of taking one backsight and one fore­
sight of approximately equal length to achieve 
high-precision leveling. 

In Figure 7-3, the height of a building is 
B" B = AB' tan a + AB' tan (3 = AB'(tan a + 
tan (3). Vertical angles above the horizon are 
positive ( +), those below it are negative (-). 
Thus, elev B = elev A + HI + AB' tan {3, 
where {3 is a negative angle and elev B" = 

elev A + HI + AB' tan a, where a is a posi­
tive angle. 

7-5. TRIGONOMETRIC LEVELING 

An indirect technique for measuring elevation 
differences is to read the vertical angle and 
distance to a point using a clinometer, transit, 
or theodolite. For short distances, plane sur­
veying principles are applied. 

In Figure 7-3, the height of a building is 
B" B = AB' tan a + AB' tan (3 = AB'(tan a + 
tan (3). Vertical angles above the horizon are 
positive ( +), those below it are negative (-). 
Thus, elev B = elev A + HI + AB' tan {3, 
where {3 is a negative angle and elev B" = 

elev A + HI + AB' tan a, where a is a posi­
tive angle. 

In this procedure, precision of vertical an­
gles a and {3 and linear measurement AB' 

must be compatible to yield an accurate an­
swer. Table 7-1 shows the relations between 
linear and angular errors, and Table 7-2 the 
precision of computed values. 

In the right triangle AB ' B" (Figure 7-3), if 
a is 5° exactly and the horizontal distance AB' 
is 1000 ft exactly, the vertical distance B' B" 
equals 87.49 ft. An error of 1 sec in the verti­
cal angle measurement would have little effect 
on the height B ' B". However, an error of 1 
min would cause errors of 0.15, 0.29, and 0.44 
ft at 500, 1000, and 1500 ft, respectively. If the 
horizontal distance measurement AB' is also 
in error, the accuracy of the height determi­
nation B' B" would decrease owing to a 
combination of the angular- and distance­
measurement errors. In general, these errors 
are kept about equal to one another, thus 
forming a circle of error and creating a small 
plus or minus allowable tolerance in the actual 
height determination. 

7 -6. EARTH SHAPE 
CONSIDERATIONS 

Over long distances, the effects of earth's cur­
vature and atmosphere refraction must be consid­
ered in leveling, as shown in Figure 7-4. A 
properly set up and leveled instrument, in 
adjustment, has its line of sight perpendicular 

DDD 

D D 
-DETERMINED HORIZONTAL DISTANCE AB' 

Figure 7-3. Elevation by vertical angles. 
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Table 7-1. Relation between linear and angular errors 

Allowable Angular Error 
for Given Linear Precision Allowable Linear Error for given Angular Precision 

Precision Allowable Least Reading 
of Linear Angular in Angular 

Measurements Error Measurements 

1 
- 6'53" 5' 
500 

1000 
3'26" 1 ' 

1 
0'41" 30" 

5000 

0'21" 20" 
10,000 

1 
0'04" 10" 

50,000 
1 

100,000 
0'02" 5" 

1 

1,000,000 
0'00.2" 2" 

I" 

to the plumb line and, except for the atmo­
spheric refraction, the line of sight would lie 
in a horizontal plane. The earth's curved level 
surface departs from the horizontal by a dis­
tance c. 

The normal ellipsoidal earth model has 
doubled curvature with independent radii in 
the meridian and prime vertical, which is at 900 

to the meridian. If a spherical earth is as­
sumed and low precision satisfactory, a single 
radius of approximately 20.9 X 106 ft can be 
assumed. A more precise radius depends on 
the observer's latitude and the sight-line az­
imuth of the observation. 

A practical expression for curvature is c = 
0.667M 2 , where c is the earth's curvature in 
feet, and M the distance in miles. The coef­
ficient 0.667 contains appropriate factors for 
geometry, unit conversion, and the earth's 
radius. 

Due to a difference in density, an optical 
sight line passing through the atmosphere re-

Allowable Linear Error in 

100' 500' 1000' 5000' Ratio 

0.145 0.727 1.454 7.272 
688 

0.029 0.145 0.291 1.454 
3440 

1 
0.015 0.073 0.145 0.727 --

6880 

0.010 0.049 0.097 0.485 
10,300 

I 
0.005 0.024 0.049 0.242 --

20,600 

0.002 0.012 0.024 0.121 
41,200 

0.001 0.005 0.010 0.048 
103,100 

I 
0.002 0.005 0.024 ---

206,300 

fracts or bends back toward the earth. This 
refraction effect r is usually taken as one­
seventh the effect of curvature and helps 
compensate for that factor. The refraction 
correction requires knowledge of tempera­
ture, pressure, and relative humidity, which 
are difficult to evaluate over long distances, so 
simplifying assumptions are generally used. 

The combined effect of curvature and re­
fraction is given by 

(c + r) = h = 0.574M2 

The following shows that (c + r) increases 
rapidly with distance: 

Distance 
h ft 

(c + r) Effect 

200 ft 500 ft 
0.001 0.005 

1000 ft 
0.021 

1 mi 
0.574 

2 mi 
2.296 
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Table 7-2_ Precision of computed values 

Angular Error 

Size of Angle l' 30" 20" 10" 5" 

and Function Precision of Computed Value Using Sine or Cosine 

1 1 
Sin 5° or cos 85° 

300 600 900 1800 3600 
1 1 

10 80 
610 1210 1820 3640 7280 

1 1 1 1 
20 70 

1250 2500 3750 7500 15,000 
1 1 1 

30 60 
1990 3970 5960 11,970 23,940 

1 1 1 1 
40 50 

2890 5770 8660 17,310 34,620 
1 1 1 

50 40 --
4100 8190 12,290 24,580 49,160 

1 1 1 1 1 
60 30 -- --

5950 11,900 17,860 35,720 71,440 
1 1 1 1 

70 20 -- --
9450 18,900 28,330 56,670 113,340 

1 1 1 1 
80 10 -- ---

19,500 39,000 58,500 117,000 234,000 

Precision of Computed Value Using Tan or Cot 

Tan or cot 5° 
300 600 900 1790 3580 

1 1 1 
10 - --

590 1180 1760 3530 7050 
I 1 1 

20 -- -- --
1100 2210 3310 6620 13,250 

1 1 1 
30 

1490 2980 4470 8930 17,870 
1 1 1 

40 
1690 3390 5080 10,160 20,320 

1 1 1 1 1 
45 -- --

1720 3440 5160 lO,310 20,630 
1 1 1 1 

50 --
1690 3390 5080 10,160 20,320 

1 1 
60 

1490 2980 4470 8930 17,870 
1 1 

70 --
1100 2210 3310 6620 13,250 

1 1 1 1 
80 --

590 1180 1760 3530 7050 
1 1 1 1 

85 - --
300 600 900 1790 3580 
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Figure 7-4. Curvature and refraction. 

This effect is generally neglected in con­
struction surveys. In precise control surveys 
performed by the direct technique, backsights 
and foresights are closely balanced to reduce 
or cancel this systematic error, as shown in 
Figure 7-5, where (c + r)1 cancels (c + r)2 
when d l = d 2 • 

___ L HORIZONTAL LINE 

Figure 7-5. (c + r) Balancing effect. 
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Another way to compensate for this error is 
reciprocal leveling, where sightings must be taken 
across a gorge, canyon, or river. An instru­
ment is set up on both sides of the obstacle, 
and the level rods are read simultaneously to 
cancel or reduce the errors. This is accom­
plished by meaning the results. An assumption 

LINE OF 

if 
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made in reciprocal leveling is that refraction 
at both ends of the line is the same, although 
this is seldom the case. 

7-7. INDIRECT LEVELING 

In trigometric leveling, a similar curvature and 
refraction condition exists, as illustrated in 
Figure 7-6. The elevation of point C above A' 
is BD + DE - BC. For long sights, triangle 
A' BD is still considered to be a right triangle 
and horizontal distance A'D is taken as the 
level surface length AE. In current EDM prac­
tice, it is usually convenient to measure the 
slope distance A'B. Vertical distance BD is 
calculated as A'D tan a and DE is the equiva­
lent curvature and refraction correction 
(c + r). 

A theoretical way to overcome this (c + r) 
correction is to simultaneously observe with 
two theodolites at A and C, thereby cancelling 
the systematic errors. Rarely are refraction 
conditions identical at both ends of a line, but 
averaging helps to distribute the error and is 

VERTICAL 

the generally accepted measuring technique 
for long-distance trigometric leveling. 

7-8. OTHER LEVELING 
PROCEDURES 

In addition to standard field surveying instru­
ments, specialty items such as barometers, lasers, 
and the global positioning system (GPS) (Chapter 
15) with receivers and antennas are available 
for unique leveling tasks. Air pressure changes 
with height, but precision surveying altimeters 
have been developed that use changes in 
barometric pressure to determine elevation 
differences from a base station with a preci­
sion of 2 ft. For small area surveys, a single 
altimeter may suffice for local photogrammet­
ric control or rough spot-elevations, where 
easy access exists for vehicles. The procedure 
sets the altimeter to a known base elevation, 
and then readings are taken at desired loca­
tions. Finally, on returning to the base station, 
any difference in this reading from the origi­
nal is distributed linearily around the loop. 

A LEVEL 
M 

DATUM 

Figure 7-6. Trigonometric leveling. 



An improved technique uses two altimeters. 
One is placed at the base bench mark and its 
changes noted, so time-dependent corrections 
can be applied to the roving instrument. Addi­
tional altimeters permit a leapfrogging tech­
nique to produce higher accuracy. 

Construction site lasers have been devel­
oped that hold line for horizontal control but 
also provide vertical elevations. Alignment 
lasers can be placed in sewers, water lines, and 
construction trenches, and positioned on a 
slope. A target attached to the pipe end shows 
the low-power beam and permits pipe ends to 
be positioned on the proper design slope. 

Another laser device can be leveled to ro­
tate the beam over the area in a horizontal 
plane. Elevations to the nearest one-tenth of a 
foot on the building site are determined. A 
sliding light-sensing device attached to the side 
of the leveling rod can be moved up or down 
to receive the rotated laser light and show how 
far the rod's end is below the laser plane. 
Some systems allow an audio as well as a visual 
determination of the foresight. Systems of this 
type can be run by an equipment operator 
and do not require a two-person surveying 
crew. 

The GPS consists of earth satellites, which 
transmit ultras table signals with timing using 
cesium and rubidium atomic clocks, ground­
based equipment to monitor the satellites, and 
a receiver to convert the signals into positions 
in a given reference frame. The ground 
equipment needed to use the system consists 
of an antenna, receiver, and computer that 
passively receives the signals from four or more 
satellites and computes a three-dimensional 
position. 

7-9. INSTRUMENTATION 

Leveling instruments are designed to have the 
sight line in or near the level surface; this is 
accomplished in a variety of ways by both 
simple and complex devices. For example, 
building inspectors may wish to check a con-
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crete flat slab to determine if high and low 
points are within ± 1/8 or ± 1/4 in. of the 
mean surface elevation stated in job specifica­
tions. By flooding the slab with water, it is a 
simple task to measure the puddle depth with 
a carpenter's rule and sight across the water to 
estimate ridge heights. Early Roman builders 
used water leveling troughs with sight vanes to 
level aquaducts and tunnels-crude engineer­
ing, but projects were constructed and civil 
works accomplished with such elementary de­
vices. Modern instrumentation improves the 
precision of layout and construction. 

7-10. HAND LEVEL 

A basic instrument used in construction today 
is the hand level. It consists of a spirit bubble 
and sighting horizontal wire in a telescope 
having zero or 2 X magnification. Figure 7-7 
shows a spirit bubble vial. 

Low-cost hand levels generally have a sight­
ing chamber with no optics and only a hori­
zontal cross wire and mirror to show the bub­
ble image on the wire. Sights are considered 
level when the bubble is centered on the wire. 
Low-powered optics are often introduced into 
the hand level for work up to 50 or 75 ft. 
Unaided sights are generally used up to 30 ft 
for elevations to 0.1 ft, the normal specifica­
tion figure for grading around building con­
struction sites. Demands for more accuracy 
are met by typical engineers' levels, which 
include dumpy and automatic levels. 

7-11. LEVELING VIALS 

Level vials are rated by their sensztzvzty, the 
degree of tilt that moves the bubble through 
one 2-mm (or 0.01 ft or 0.1 in. in older instru­
ments) division etched on the vial, or by the 
radius of curvature ground on the inside by 
their manufacturer. A short radius causes the 
bubble to be insensitive, but suitable. A hand­
level bubble might have only one center grad-
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GLASS VIAL PAINTED GRADUATIONS 
with circular curvature \. fat 2 mm spacings 

~I, '~~~,,\=Jl 
\ I FLUID 

\ I 
\\RADIUS OF CURVATUREfi 

\ I 

usually synthetic alcohol 

, I 
FIgUre 7-7. Bubble vial. 

uation, so the observer estimates when the 
bubble is centered. A more precise instru­
ment, the dumpy level, has a 20" of arc/2-mm 
divisions or 68-ft radius bubble sensitivity. For 
first-order instruments, the values can be 2" /2 
mm at a 680-ft radius. Special construction 
techniques are employed to grind the curva-

ture into the glass vial at these high sensitivity 
values. 

ROD~ 

-t­
AELEV. 
--L 

Two techniques are available to test bubble 
sensitivity. The laboratory procedure is to set 
the bubble into a level bubble trier, which is a 
slotted piece of wood hinged at one end and 
mounted on a precise screw. The vial is placed 

/TELESCOPE 

~LJE~V~E~L~R~E8AD~I~N~G~ ______________ ~~~~;,=~1 
LEVEL VIAL oc. -----. -

1 ----: SIGHT 
---t-- DEPRESSED 

~I ·-----KNOWN DISTANCE-----·I 

® @ 
FIgUre 7-8. Testing bubble vial sensitivity. 



in the apparatus slot and raised or lowered by 
the screw. When the screw thread pitch is 
known, the number of turns of the screw to 
move the bubble through a known number of 
graduations tells the bubble sensitivity. 

A field technique is shown in Figure 7-8. 
Here an engineer's level is set up some known 
distance from a leveling rod and a reading is 
taken. The level is then tilted through a known 
number of divisions on the bubble, and a new 
reading is taken on the rod. The sensitivity of 
the instrument s is given by 

s = tan- 1 ct [ Llelev ] 
(AB)(# ofdiv) 

where Aelev and AB are in the same units, 
and s is usually expressed in minutes or se­
conds of arc/2-mm division. 

The fluid inside bubble vials is usually syn­
thetic alcohol, which will not freeze at low 
temperatures. With the extremely precise in­
struments used for first-order work, such as a 
universal theodolite or precise level, the quan­
tity of fluid in the bubble tube can be regu-
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lated by a special chamber attached to the vial. 
This ability to change the length of the bubble 
allows the instrument operator to compensate 
for temperature changes and use the most 
sensitive portion of the vial. 

7-12. ENGINEERS' LEVELS 

A series of engineers' levels with sensitive level 
bubbles, high telescope magnification, and 
fine-pitch leveling screws have evolved for con­
struction and precise surveying work. Modifi­
cations include prisms instead of level bubbles, 
spherical ball-seat leveling surfaces rather than 
leveling screws, and tilting telescopes instead 
of fixed ones. Figure 7-8 shows a tripod, the 
leveling screws to tilt the instrument head so 
the leveling bubble or leveling device can be 
centered, and a telescope permitting long 
sights to be made. 

A modern level is shown in Figure 7-9. 
Light rays enter the telescope objective lens, 
which has a special light-gathering coating on 

® DISTANCE FOCUSING 
LENS SYSTEM 

1T---r"""'""1-.....-,----J 

Figure 7-9. Automatic leveling telescope. 
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its outer surface, and pass through a distance­
focusing movable lens that allows the image of 
a distance object to be in focus on the cross­
wire ring. The pendulum system shown has 
two fixed prisms and a freely hanging third 
prism that passes the horizontal rays onto the 
cross-wire ring. To allow the pendulum system 
to hang free, a low-sensitivity spirit bubble is 
mounted on the instrument, and rough level­
ing of the instrument produces an "automatic 
leveling" of the sight line. 

Different manufacturers have designed var­
ious systems to accomplish automatic leveling; 
instruments so constructed are called auto­
matic leuels. At the telescope's eyepiece end, a 
magnifying lens system exists enabling the in­
strument operator to simultaneously view the 
cross-wire ring and distant image. If focusing is 
not performed exactly, a condition known as 
parallax can exist and cause small reading 
errors by the observer. 

In older telescopes, the cross wires were 
spider webs cemented to a ring. Newer instru­
ments have lines etched on a glass reticle that 
sits in a metal holder. The holder can be 
repositioned to correct for systematic errors in 
the hanging prism system. 

7-13. THE DUMPY LEVEL 

The engineer's dumpy level is an older instru­
ment that contains leveling screws, a spirit 
bubble, and a telescope (Figure 7-10). The 
four leveling screws are worked in opposite 
pairs to position the bubble at the vial center. 
The bubble follows the directional movement 
of the left thumb. Automatic levels generally 
have three leveling screws and the telescope 
elevation is changed slightly by raising or low­
ering one or two leveling screws. Four-screw 
instruments rotate around a spherical ball seat, 
and once leveled, they can be releveled to the 
original position if the bubble wanders away 
from the center position. 

A telescope line oj sight is the straight line 
through the center of the objective lens and 
intersection of the horizontal and vertical cross 
wires. Instrument design requires the line of 
sight to be made parallel to the axis of the 
level bubble vial-i.e., the line tangent to the 
radius of curvature of the vial at the marked 
center location when the instrument is exactly 
leveled. Because it is difficult to construct an 
instrument with a fixed telescope and bubble, 
each part can be shifted slightly so adjustments 

__ EYEPIECE\ TELESCOPi OBJECTIVE LENS 

AXIS 

LEVEL BUBBLE -LEVELING SCREWS 

Figure 7-10. Dumpy level. 



to remove systematic instrumental error may 
be made in the shop or field. On construction 
instruments such as the old urye level, the dumpy 
and the automatics, their telescopes have ap­
proximately 32 X magnification, and sensitiv­
ity of the bubble vials is about 20" /2-mm 
divisions. 

7-14. FIRST-ORDER LEVELS 

For first-order work, a spirit-bubble-type in­
strument with greater magnification and bub­
ble sensitivity has been constructed with a hor­
izontal pin around which the telescope can 
rotate when driven by an extremely fine-pitch 
screw. This tilting level also has a reticle con­
taining three horizontal wires, so the horizon­
tal distance to the leveling rod can be read by 
stadia (see Chapters 6 and 22). To assist in 
obtaining an exact middle-wire reading, an 
optical micrometer is built onto the end of the 
telescope; this arrangement is shown in Figure 
7-11. A planoparallel lens serves as the objective 
lens and can be tilted through a range equal to 
the 5- or 10-mm graduations on the leveling 
rod. An observer moves the micrometer to 
make the line of sight fall exactly on a rod 
graduation. The micrometer reading is then 

o 
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added to the rod reading. This system can be 
very exact and repeated for a statistical deter­
mination of the difference to be added to the 
rod reading. Automatic instruments used in 
construction can be fitted with a removable 
optical micrometer and approach the accu­
racy of special, extremely precise, automatic 
levels used for first-order leveling work. 

7-15. LEVELING RODS 

To determine the height of instrument above 
a bench mark, a graduated rod is held verti­
cally on the point and a reading taken. For 
precise work, rod graduations are in the SI 
system (meters), whereas on construction and 
other work in the United States, markings are 
in decimal feet. When a hand level is used, a 
carpenter's rule graduated in feet and inches 
might be employed. Rods come in a variety of 
sizes and shapes, but the Philadelphia type has 
an advantage, since the rodperson can inde­
pendently check instrument operator read­
ings. These rods generally come in two pieces, 
which allow readings up to 12 or 13 ft to be 
taken and checked by setting a target on the 
graduations, which are shown to 1/100 of a 
foot (see Figure 7-12). 

/
MICROMETER TO MEASURE 
tJ. ELEV. EXPRESSED IN 

,u»l ......... .&.1.&<.10....... LINEAR UNITS 

ENTERING RAY 

PLANO-PARALLEL ~ 
LENS 

FJgUre 7-11. Optical micrometer. 

DISPLACED RAY 
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The foot lengths are indicated by red num­
bers, and the O.OI-ft wide graduations are 
painted black on a white background. The 
intersection of the black and white portions of 
the graduations defines the value. As shown in 
the red 3-ft portion of the rod, the horizontal 
cross-wire reading is 3.64 ft. A vernier target 
can be slipped over the rod and readings 
taken to 0.001 ft with the direct-reading vernier 
for instrument sight distances of 200 ft or 
shorter. This target can be used on the lower 
portion of the rod, and a technique called 
high rod, employing a downward-reading scale 
on the back of the rod, permits the rodperson 
to verifY high-rod readings with a properly set 
target and vernier on the rod's back side. 

The metric-faced construction rods are usu­
ally color-coded orange for meter readings 
with centimeter spacings. The instrument op­
erator reads the meters, decimeters, and cen­
timeters directly from the rod. Then, if a fine 
reading is desired, the number of millimeters 
is estimated. A target with scale provides a 
millimeter check estimate. 

On precise work, all readings are taken in 
the SI system. The rods are of special one-piece 
construction approximately 3 m long, which 
presents special shipping and carrying prob-

RED 3' ARE 

Figure 7-12. Philadelphia rod face detail. 

lems. The rod face is made of Invar steel and 
held to the face under tension. A thermome­
ter is usually provided so a temperature cor­
rection can be applied. The smallest gradua­
tions on the rod face are in centimeters or 
5-mm values. The optical micrometers on 
first-order instruments allow repeatable read­
ings to 0.1 mm, the equivalent of 0.0003 ft or 
0.00003 in. Because of these small values, 
plumbing the rod is usually done with an 
attached bull's-eye level or special holder and 
special care given to placing the rod on a hard 
permanent surface. Portable turning points are 
carried into the field and used to provide a 
stable platform for the rods. 

7 -16. NOTE FORMS 

Different noteforms are used for various 
standard direct-leveling procedures. When 
running a third-order control project, traverse 
(when suitable), around a construction site, a 
closed noteform is generally used (see Table 
7-3 and Figure 2-2). 

This noteform contains one backsight ( + S) 
and one foresight (- S) per setup and illus­
trates differential leveling. The height of instru-

64 FT. 
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Table 7-3_ Establishing height of green pin 
(closed noteforrn) 

5TA +S HI -5 ELEV(ft) 

BM235 3.47 239.23 235.76 
TP-l 9.10 246.62 1.71 237.52 
TP-2 7.91 253.46 1.07 245.55 
Green Pin 3.07 252.57 3.96 249.50 
TP-3 0.13 245.59 7.11 245.46 
TP-4 1.90 240.16 7.33 238.26 
BM 235 4.41 235.75 

+25.58 -25.59 -235.76 

+25.58 - O.oIlo" 

-0.01~ 

ment (HI) is determined for each setup but not 
done in precise leveling where only the dif­
ference in elevation between two bench marks 
is desired. As shown, the I backsights - I 
foresights = final elevation - initial elevation. 
Accidental errors in leveling do not usually 
allow a circuit that starts and stops at the same 
point to generally close with the same value. 
This misclosure would have to be adjusted out 
by some technique consistent with the caliber 
of the work. 

In first- or second-order control work, the 
notes include readings on a precise level's up­
per, middle, and lower wire, thereby allowing 
several checks and providing a stadia distance. 
One page of the field book is devoted to 
backsights, the other to foresights. The stadia­
interval factor for the instrument must be 
known, and acceptable precomputed values 
for the maximum length of sight, maximum 
differences in lengths observed per setup, and 
maximum differences in cumulative distances 
for a section are computed and recorded by 
the note keeper. A partial set of notes is shown 
in Table 7-4. 

7 -17. PROFILE LEVELING 

When topographic conditions will not allow 
differential leveling or low precision is suffi-
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Table 7-4. Left-hand page, partial set of three-wire 
notes (in mm) 

Thread Thread Sum of 
STA Backsight Mean Interval IntelVals 

1216 
209 1108 1108.3 108 215 

1001 107 

3325 
1326 

TP-l 1237 1237.0 89 178 

1148 2345.3 89 393 --
7036 

cient to accomplish the job, profile leveling is 
used in combination with differential leveling. 
Side shots with no checks can be taken in 
determining the profile of a road and/or the 
elevation of a manhole. An example of profile 
notes is shown in Table 7-5. 

A separate column of intermediate foresights 
(IFS) was listed, with side shots taken to stations 
o + 00, 1 + 00, 2 + 00 and 2 + 52 on High­
land Street. A station in highway work is 100 ft 
on the ground and Sta 0 + 00 is the begin­
ning point. Sta 1 + 00 is a point 100 ft away 
and usually on the street centerline. Manhole 
(MH) number 17 might be a grade shot taken 
to the top or to an invert in the manhole. A 
note or sketch on the right-hand page of the 
field book would clarify the situation. The 
nonchecked profile shots are recorded to only 
0.1 ft, which is consistent with street subgrad­
ing work. 

7 -18. PRECISE LEVELING 

A precise level without an optical micrometer 
was used for the notes in Table 7-4. The rod 
reading was estimated to the nearest millime­
ter at the three-wire positions and intervals 
between the upper-middle and middle-lower 
wires recorded in column four. A check is 
performed here, since these intervals should 
be the same, but they are usually allowed to 
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Table 7·5. Highland Street profile 

STA +S HI 

BM235 3.16 238.92 
TP·l 7.71 244.87 
o + 00 
1 + 00 
2 + 0.0 
2 +'52 
MH#17 
TP·2 7.15 250.51 
Green Pin 

+ 18.02 

-4.27 

+ 13.75 .... 

differ by up to 3 mm. Since the upper interval 
is greater by one unit than the lower one, the 
mean of 1108.3 is entered in column three. A 
check of this mean is obtained by adding the 
three thread backsights to 3325 and dividing 
by 3. The sum of the intervals is recorded for 
use with the right-hand page to ensure that 
the proper sight lengths have been maintained 
and balance properly. The final product from 
the note page is the mean sum of the back­
sights, 2345.3 mm, as shown. The difference in 
elevation is obtained by adding algebraically 
the mean sum of the foresights from the field 
book's right-hand page. 

Many variations exist in noteforms and in­
strumentation. Optical micrometers require 
special notes, as do rods that have offset grad­
uations on the left and right side to help 
improve the work by providing a statistical 
value and check against gross mistakes. Large 
governmental agencies and private firms gen­
erally use standard in-house noteforms wrItten 
for computer reduction, if not already 
recorded in that format in an electronic 
field-data collector. 

7-19. PROFILES IN HIGHWAY 
DESIGN 

As noted earlier, the purpose of leveling is to 
locate objects in the vertical direction. Some 

-S -IFS ELEV(ft) 

235.76 
l.76 237.16 

l.7 243.2 
3.5 24l.4 
7.1 237.8 
6.7 238.2 

10.6 234.3 
l.51 243.36 
l.00 249.51 -

-4.27 -235.76 

+ 13.75 .... 

standard leveling applications include (1) road 
profiles, (2) sewer and drainage design, (3) 
borrow pits, and (4) simple mapping. 

A profile is a vertical section through the 
surface of the ground along any fixed line. In 
highway design work, it is important to know 
elevations along the proposed route centerline 
and plot them both along the centerline and 
at right angles to it. Profile levels are run over 
the proposed centerline. They are plotted in a 
form similar to that shown in Figure 7-13, and 
the road slope (grade or gradient) is selected 
by comparing centerline cuts and fills on trial 
grade lines. 

The horizontal and vertical scales of a pro­
file are generally different. The abscissa (x­
axis) is usually noted in stations and the ordi­
nate (y-axis) usually in feet above a datum. If 
the data are put into a computer graphics 
system and viewed on the computer screen, 
optimum road grades can be determined with­
out a need for profile paper and design draft· 
ing boards. 

After the proposed centerline is chosen, a 
designer will normally want to calculate the 
volumes of cut·and-fill materials required for 
the project. This information can be obtained 
in the field with a hand level or engineer's 
level and tape through a process known as 
slope staking. It can also be done photogram­
metrically in a computer system that contains 
a digital terrain model at a fixed-grid spacing. In 



either case, stakes must be positioned in the 
field for construction control. See Chapter 24 
for more details on noteforms. 

7-20. LEVELING FOR WATER AND 
SEWER DESIGN 

A similar but different application is in the 
design of a sewer or gravity-feed water system. 
The basic principle used is that water flows 
downhill, and a leveling process establishes the 
relative elevations of critical ground eleva­
tions. For a sewer line, a set of profile levels is 
taken along the proposed sewer location and a 
ground profile similar to Figure 7-13 drawn. 
Next, the survey engineer picks the critical 
depth and slope locations for manholes and 
prepares a set of profile drawings for contrac­
tor inspection and bidding. In constructing a 
sewer line, leveling is again used to locate the 
depth of trench cut and to place the pipe at its 
design elevations. In locating the manhole's 
pipe elevations, inverts are first established as 
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these occur at breaks in grade. Then batter 
boards are erected over the trench to contain 
horizontal and vertical control. To set the 
inside bottom of each piece of pipe at its 
correct elevation, workers stringline the pipe 
and measure vertically from the string. On 
larger jobs, a surveying laser is set up in the 
trench or pipe and the beam directed down 
the centerline of the proposed pipe location 
to targets attached to the pipe. Construction 
surveying consists of many applications where 
leveling plays a maJor role in the building 
process (see Chapter 24). 

7-21. EARTHWORK QUANTITIES 

An application of leveling to earthwork quan­
tity calculations is in borrow-pit volumes (see 
Figures 5-8 and 7-14). 

Mter it has been determined that suitable 
materials are to be removed from the ground 
for placement at another site, a surveyor lays 
out a horizontal grid of equal spacing, and 
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numbers and letters the grid lines to reference 
the intersection points as 2-B, 3-C, etc. Level 
sights are taken on the grid corners and other 
points at breaks in the ground slopes, from a 
single instrument setup if possible, or by run­
ning a level circuit. Ground elevations are 
calculated. During and after excavation, when­
ever earthwork quantities are desired (perhaps 
for payment purposes), the intersection points 
are releveled and the volume of material re­
moved from the regular prisms is determined 
by the following equation: 

A B 
100' 

0 
0 -

;1 

2 
~ 

~ a 

3 

t= c 
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\: 
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Figure 7-14. Borrow pit. 

Here I' and w represent the individual length 
and width grid dimensions and the h's repre­
sent the difference in elevations at the num­
ber of prism corners to be counted in the 
calculations. In Figure 7-14, 2-B is the change 
in elevation of one corner of prism a, 2-C 
would be a corner common to prisms a and b, 
and 3-C would be a corner common to the 
four prisms a, b, c, and d. When the edge of 
excavation does not fall along the grid line, a 
wedge of earth might exist that should be 
included in the calculations. If the excavation 
is rough, or a better determination of irregu­
lar sides and bottom of the pits is needed, grid 
spacing should be reduced and volumes deter­
mined on smaller size prisms of earth. 
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7-22. MAPPING 

In laying out a subdivision or a house lot, the 
sUIVey engineer should map the topographic 
surface to best decide how the terrain can be 
used to enhance the house setting. This can 
be done by the grid technique for areas that 
are flat or small in size (see Figure 7-15). In 
this example, the ground elevations on the 
grid points have been established by leveling 
and a map drawn showing a series of contour 
lines that represent points of similar eleva­
tions. These contours present ground config­
urations and can be envisioned by the de­
signer and owner to assist in house location. 

7-23. ERRORS 

As in all sUIVeying work, when instruments are 
used, it is possible to make blunders, systematic 
errors, and accidental errors (see also Sections 3-5 
to 3-10). Proper notekeeping and appropriate 
field procedures should eliminate the first two, 
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while multiple readings can reduce the third 
to a minimum. Examples of blunders in level­
ing include 0) using the wrong point for a 
bench mark, (2) reading the rod incorrectly, 
(3) reading on the stadia cross wire instead of 
the middle wire, and (4) transposing numbers 
in field books. Because of the repetitive nature 
of direct leveling, it is important that the in­
strument operator and notekeeper not slip 
into bad habits or shortcuts to speed up the 
work. When looking for a control bench mark 
from which to begin a sUIVey, the descriptions 
are sometimes vague and the wrong point can 
be selected as the beginning monument. This 
can be checked by locating two known bench 
marks and leveling between them. In addition 
to checking an error in monument identifica­
tion, this procedure will also disclose any dif­
ferential settlement of one or both points. 

Leveling rods that are not self-checking can 
cause reading errors when the horizontal cross 
wire is close to a foot or meter mark. The 
reading 1.92 ft can easily be cited as 2.92 ft 
because the instrument operator sees the large 
red 2 numeral by the 0.92 reading and may 

-po 
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Figure 7-15. Contour lines. 
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fail to note that the reading is in the loft 
interval of the rod. The Philadelphia leveling 
rod, when used with target, will catch this type 
of blunder. 

Leveling instruments that contain stadia 
cross wires can also result in the wrong wire 
being read. Even setting the target will not 
eliminate this error unless the reader turns his 
or her head aside and conscientiously resights 
the reticle with this error in mind. Manufac­
turers have shortened the stadia wires in an 
attempt to help distinguish them from the 
horizontal cross wire, which runs over the 
entire field of view. 

7-24. SYSTEMATIC ERRORS AND 
ADJUSTMENTS 

All surveying instruments have systematic er­
rors that result from improperly assembling 
components to meet certain geometric condi­
tions, such as the line of sight being parallel to 
the axis of the level bubble vial. Manufacturers 
have built adjustable components into the 

AXIS OF 
BUBBLE VIAL 

B' __ 

Figure 7-16. Bubble axis perpendicular to vertical axis. 

equipment, so field or laboratory adjustments 
can be performed to place the equipment in 
near-perfect alignment. Systematic errors are 
reduced or eliminated by instrument adjust­
ments and proper field procedures. 

Modem leveling equipment has two geo­
metric conditions that must be corrected or 
serious systematic errors will accumulate on a 
long level line. The first requirement is to 
make the axis of the bull's-eye level on an 
automatic level, or the axis of the spirit level 
on a dumpy level perpendicular to the vertical 
axis (see Figure 7-16). As shown, the vertical 
axis of the level is tilted and the bubble cen­
tered in the tube. The level bubble axis AB is 
now rotated 1800 so end A goes to A', and B 
to B I. The bubble will not stay in the tube 
center and the distance that the bubble is off 
center is twice the error present. The bubble 
should be brought halfway back with an ad­
justing pin and then placed in the center of 
the vial using the leveling screws. This adjust­
ment will make the vertical axis truly vertical. 

Only after the first adjustment is completed 
may the second condition be adjusted-i.e., to 

/ 
!/VERTICAL AXIS 

I (e • ANGULAR ERROR) 
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make the telescope's line of sight parallel to 
the axis of the level bubble vial (see Figure 
7-17). 

If the line of sight is not parallel to the 
bubble-vial axis, it will sight up or down and 
give an erroneous rod reading. In differential 
leveling, this error can be canceled out by 
keeping the backsight and foresight distances 
equal. In profile leveling, the error increases 
with distance from the instrument. DiJtrent­
leveling procedures should therefore be used 
and the bubble always placed in the tube 
center for each sighting. This means the level­
ing screws on older four-screw dumpy levels 
can be readjusted for each sight, and the sight 
distances balanced by some technique-e.g., 
pacing, stadia, counting rail lengths or con­
crete highway expansion joints. 

Before and during a run of profile levels, it 
is best to level the instrument and perform the 
level-bubble-axis test by rotating the telescope 
1800 and bringing the bubble one-half way 
back to the center with the leveling screws. 
Then, take the profile readings and the values 
should be satisfactory except for atmospheric 
and refraction corrections. 

A check on this second geometric condition 
is called the peg test and can be performed in a 
variety of ways. One precise variation of the 
technique is to set up the level midway be­
tween two stakes 200 ft apart and determine 
the true difference in elevation between the 
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stakes. The instrument is then placed at some 
convenient distance, say, 20 ft, behind one of 
the stakes and a reading taken on the first 
one. If we assume that the instrument is in 
adjustment, the rod reading on the second 
stake is calculated, and for a precise determi­
nation, a correction is made for curvature and 
refraction. The rod is then placed on the 
distant stake and read. It will equal the calcu­
lated value for an instrument in adjustment or 
be greater or smaller if the line of sight is up 
or down. The telescope reticle can be adjusted 
to a correct position based on the measured 
value. For more details on instrument adjust­
ment, see Chapter 8. 

7-25. SPECIFICATIONS 

In order to keep systematic errors at a mini­
mum, agencies have developed specifications 
for various orders of work. Table 7-6 has been 
used by the NGS, NOAA, and generally ac­
cepted by persons wishing to fulfill first- or 
second-order vertical-control surveys. These 
specifications show three orders of work: first-, 
second-, and third-order, with classes I and II 
listed under the first two. First-order, first-class 
pertains to the basic framework of the national 
network and is the most precise work per­
formed. Third-order work is used on small 
engineering projects. 

CENTER OF 

CENTER OF C:::BJECTIVE LENS c:ROSS WIRES 
?\)~CTUAL SIGHT LINE 
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Figure 7-17. Line-of-sight condition. 
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Instruments acceptable include automatic, 
tilting, or geodetic types. The rods comprise 
those containing Invar scales and steel-face 
rods. The lines should be double-run forward 
and backward, and monuments spaced at a 
maximum of 1- to 2-km sections in larger 
loops. The limiting length of sight is 50 to 
90m. 

To minimize possible tilt in the line of 
sight, the maximum difference in length be­
tween a forward and backward sight is re­
stricted, as well as the cumulative difference in 
lengths. A factor based on inclination of the 
line of sight is applied to the final unbalanced 
length to correct fieldwork for any tilted sight 
error. 

When a survey starts at a point and loops 
back to the same point, the accidental errors 
in reading, sighting, and atmospheric condi­
tions are proportional to the number of setups 
and/or distances between bench marks. The 
combined error can be estimated based on the 
maximum-Iength-of-sight restriction, a closure 
calculated using a coefficient for the order of 
work, and the square root of the distance 
around the loop or length of a section. 

In large networks, the area loops intersect 
at certain common station points. Work done 
in each loop will contain the separate loop 

g. 983 gal 
AT POLE 
(HEAVIER AT POLE) 

errors, and elevations at the common points 
must be adjusted to provide consistent data. 
These adjustments are usually performed by 
the method of least squares suited to surveying 
data that follow normal error-theory distribu­
tion (see Chapters 3 and 6). 

7-26. PRECISE THEORIES 

When performing precise first-order surveys, 
special note should be made of the fact that 
the earth is not spherical but lumpy and 
shaped like an oblate spheroid. Because the 
earth is spinning, gravity values vary in the 
north-south direction from 978 gal at the 
equator to 983 gal at the poles. Named for 
Galileo, a gal is a gravity unit equal to 1 
cm/sec2• The earth has a molten core and 
hard crust that bulges at the equator, making 
distance from the center of the earth to the 
equator longer than that from the center to 
the pole (see Figure 7-18 on p. xxx). A review 
of the figure shows that gravity values decrease 
as you go farther from the center of the earth, 
and the gravity value at the pole is higher than 
at the equator. Because of the difference in 
the a sernirn<9or and b semiminor lengths, the 

\ _ _ _ ____ ;978 EQUIPOTENTIAL VALU E 

t TOo' -S-P...::H ..... E-ROIO '{ " '\ 
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FJgUI1! 7-18. Earth's bulge. 
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rate of change of the gravity field streamlines 
in the north-south direction of the pole. A 
problem results because leveling instruments 
are set up on the earth's surface, and the 
gravity field changes at a different rate, with 
elevation in going from the equator to the 
pole. 

7-27. GEOIDAL HEIGHT 

Leveling data should be referred to the geoid. 
The difference between the topographic sur­
face and geoid is known as a geoidal height (see 
Figure 7-19). For horizontal surveying compu­
tations, positions are referred to the pure 
mathematical spheroidal surface. A geoidal 
height and spheroidal height differ by undula­
tions in the geoid. A geoidal height expressed 
in linear units is called an orthometric height. 
For first-order work run in the north-south 
direction, a special orthometric correction is re­
quired. It can be taken from nomograms, 
which require using a section's mean elevation 
and mean latitude to get orthometric correc­
tion per minute of change in latitude. 

A second and more precise method of de­
termining the size of correction is to measure 
the gravity values at the bench marks on the 
level line. This can lead to a new system of 

GEOIDAL SURFACE::; 

Figure 7-19. Reference heights. 
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measurements that better explains the physical 
earth situation (see Figure 7-20). It assumes a 
north-south direction and shows a change in 
latitude on the earth. No corrections are ap­
plied to measurements taken in the east-west 
direction. 

Points a and b on the topographic surface 
are vertically above points A and B on the 
geoid. The equipotential gravity surfaces con­
verge going northerly. This means that plumb 
lines cume because they are perpendicular to 
the gravity field and hence lines aA and bB 
are shown slightly curved in the figure. It also 
means that length aA does not equal bB be­
cause the gravity surfaces streamline. 

Leveling from B to A on the geoid will 
show no change in elevation. However, level­
ing from B to b, then along the level surface 
ba, which is in the north-south direction, and 
finally leveling from a to A will result in an 
elevation change equal to the distance (bB -
aA). The second result will be different from 
direct leveling of BA. Thus, by using normal 
recording techniques, two different route­
depended elevations will be obtained by level­
ing from B to A. 

To overcome this recording problem, a 
different measuring system h::.s been derived 
that accounts for the linear change in height 
and change in the gravity field. The result is a 

~TOPOGRAPHIC SURFACE 

SPHEROIDAL SURFACE 

/ 
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Figure 7-20. Orthometric problem. 
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Table 7-7. Adjusted surface gravity, leveling elevations, geopotential numbers 

Station 

Corvallis, OSU-PC 
T{37T 

U54 
Corvallis, OSU-KL 

College 
RM2 College 
RMl College 

Surface Gravity 
(milligaI) 

980573.14* 
980575.49 
980573.21 
980573.81 
980573.31 
980573.28 
980573.28 

* Fixed from published data before adjustment. 
t Fixed through leveling observations. 

geopotential number 

GPU = r gdh 
A 

where g is a variable acceleration due to grav­
ity and dh the linear elevation change. This 
record system requires knowledge of the grav­
ity field by direct measurement or interpola­
tion. 

An example GPU calculation follows (see 
Table 7-7). The leveling elevation of station 
T{37r is given as 71.337 m and the adjusted 
surface gravity value, in millegal, is 980,575.49. 
The product of these numbers yields a GPU 
value for station T{37T of 69.951. This number 
better expresses the leveling condition at T{37r 

than the given elevation, but a great deal of 
work must be expended to determine an ad-

Leveling 
Elevations 

(m) 

77.142 
71.337' 
76.787 t 

73.336 
72.219 
71.880 
72.757 

Geopotential 
Number 

(geopotential unit) 

75.643 
69.951 
75.295 
71.911 
70.816 
70.484 
71.344 

justed surface gravity value. Hence, this type of 
recording is generally used only for first-order 
leveling. 
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Instrument Adjustments 

Gerald W. Mahun 

8-1. INTRODUCTION 

Surveying instruments are very durable, but 
delicate and precise pieces of equipment. No 
matter how well an instrument has been ad­
justed, rough handling, temperature varia­
tions, humidity, and a host of other factors can 
quickly affect its precision. The safest rule a 
surveyor can follow is to keep an instrument 
adjusted, but then use it as if it is not adjusted. 

A surveyor should not adjust equipment 
unless it is needed, since minor corrections 
may not be necessary or possible. The rules in 
this chapter outline procedures whereby sur­
veyors first test equipment to determine if an 
adjustment is necessary, and the corrections 
are then carried out only if needed. 

Nearly all adjustments of levels, transits, and 
theodolites are based on the principle of rrroeT"­
sion. Reversing the instrument position by ro­
tation in a horizontal or vertical plane doubles 
any error present, enabling a surveyor to di­
rectly determine how much correction is 
needed. If the instrument is badly out of ad­
justment, it may be necessary to repeat all 
steps to reduce the size of error each time. 

As a rule, older levels and transits are easy 
to work with because of their simple, open 
construction. Automatic levels and theodolites 
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are more difficult, owing to their use of com­

pensators, prisms, and glass circles. Many of 
their adjustments must only be done by quali­
fied specialists; however, this chapter will out­
line those procedures surveyors can, with 
practice, perform. 

A log book should be maintained for each 
instrument, stored in the instrument case or 
office, and an entry made noting the date and 
type of adjustment each time one is per­
formed. This serves two purposes: (1) It 
reminds surveyors to periodically check an 
instrument's adjustment and (2) If one partic­
ular adjustment is consistently required, it in­
dicates repair is necessary. A good instrument, 
properly adjusted and handled, should last a 
lifetime and spend a minimum number of 
hours in a repair facility. 

8-2. CONDITIONS FOR 
ADJUSTMENT 

Before making an adjustment, It IS wise to 
ensure that any instrumental error tested for 
and found is a result of the equipment's con­
dition and not the test's deficiency. To prop-
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erly test and adjust equipment, the following 8-3. 
rules should be followed: 

BREAKDOWN OF 
ADJUSTMENTS 

1. Perfonn adjustments on a cloudy windless 
day, free of heat, if possible. Avoid situations 
where the sight line passes alternately 
through sun and shadow. Allow up to 30 
min for the instrument temperature to stabi­
lize, if there is a significant difference be­
tween the temperature at the storage and 
adjustment locations. The instrument should 
be shaded from any direct sun rays. 

2. Make sure that all tripod hardware is snug, 
so the tripod will not shift under the instru­
ment weight. Spread the tripod feet well 
apart and press the shoes finnly into the 
ground. Do not set up on a hard surface, as 
there is a chance a leg could either slide or 
get kicked out. 

3. Choose a relatively flat area that provides 
flat sights for at least 200 ft in opposite 
directions. 

4. Locate all adjusting nuts and screws and 
clean any threads that might be dirty. Most 
tools needed for older instruments consist of 
adjusting pins of various sizes. Test-fit the 
pins to see which adjusting nuts they are for. 
Do not use undersize pins, as they will ream 
out the holes in the adjusting nuts. Screw­
drivers and wrenches, if needed, should be 
test-fit also. In any case, do not use a pair of 
pliers to grip a nut or screw. Adjusting pins 
can be readily fashioned from flush-cut nails 
that are carefully filed down to size. If any 
adjusting nut hole has been reamed, it can 
be carefully drilled out with a twist drill bit. 
The opposite end of the bit can then be 
used as an adjusting pin. When adjusting, do 
not overtighten the screws or nuts. 

5. Perfonn adjustments in the proper se­
quence, as most are dependent on previous 
ones. 

6. During and after the adjustments, handle 
the instrument carefully. Rough handling 
may negate any adjustments perfonned. 

7. Refer to the instrument manual for any spe­
cial adjustments. This is especially true for 
theodolites and automatic levels. 

Two types of adjustments are made on most 
surveying instruments: (1) preliminary and (2) 
principal. Preliminary adjustments are those 
performed each time an instrument is used 
and should habitually be checked each time 
the instrument is set up. 

Principal adjustments are more detailed and 
are made only when a test indicates a need for 
them. They should be checked periodically to 
determine any possible instrument errors. 

Sections of this chapter explain the differ­
ent types of surveying equipment and their 
preliminary and principal adjustments. Survey­
ors should be capable of successfully adjusting 
most equipment by following the procedures 
explained. 

8-4. GENERAL DEFINITIONS 

Most instrument adjustments are partially de­
pendent on the position of an air bubble or 
the intersection of a set of cross hairs under a 
given condition. To interpret these positions 
and relate them to an adjustment procedure, 
it is important to understand some of the 
mechanical aspects and common terms associ­
ated with the various surveying instruments. 

The bubble tube or level vial is a sealed 
glass tube nearly filled with a nonfreezing, 
fast-moving, quite stable liquid-commonly, 
purified synthetic alcohol. The upper inner 
surface of the bubble tube is circular in the 
tube length's direction. The tube top is etched 
with graduations used to center the bubble 
and determine how far the bubble moves off 
center when the bubble tube is reversed. Cen­
eraIly, one end of the tube is fixed in position 
when mounted on the instrument; the other 
end can be raised or lowered by adjusting nuts 
or screws. The bubble-tube axis is an imagi­
nary longitudinal line tangent to the midpoint 
of the upper inner curved surface of the bub­
ble tube (Figure 8-1). 
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Bubble Tube r llCi __ I -T __ ' ~---- Axis 

Ftgore 8-1. Bubble tube. 

The cross hairs consist of very fine filaments 
of etched lines on a flat glass plate. They are 
placed on a reticle ring inside the telescope, 
forward of the eyepiece. The reticle ring is 
held in position by four capstan-headed screws 
(Figure 8-2) that pass through elongated holes 
in the telescope tube, so if one or more screws 
is loosened, the reticle ring can be rotated 
through a small angle. The reticle ring is 
moved vertically by loosening the top (or bot­
tom) screw and then tightening the bottom (or 
top) screw, and horizontally by loosening the 
left (or right) screw and tightening the right 
(or left) screw. 

An instrument's line of sight is defined as a 
line passing through the cross hairs' intersec­
tion and the optical center of the telescope's 
objective lens. The optical center is a fixed 
point, but the line of sight can be moved by 
shifting or rotating the cross hairs. 

Figure 8-2. Reticle ring. 

The vertical axis of an instrument is defined 
as the line about which the instrument rotates 
in a horizontal plane. It coincides with the 
spindle axis and a freely suspended plumb line 
attached to the instrument. 

Transits and theodolites also have a hori­
zontal axis. It is a line about which the tele­
scope rotates in a vertical plane. This axis 
coincides with that of the horizontal cross arm 
supporting the telescope. The correct axes 
relationships for a properly adjusted level, 
transit, and theodolite are shown in Figures 
8-3 and 8-4. 

8-5. ADJUSTMENT OF LEVELS 

The two preliminary adjustments required of 
all levels are to (1) eliminate parallax and (2) 
properly position the cross hairs. 

Parallax 

When working with any instrument tele­
scope, an observer simultaneously views two 
images. One is the object focused on by the 

----n'----+-:------ Line of Sight 
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Figure 8·3. Axes relationship of a level. 
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FIgUre 8-4. Axes relationship for a transit/theodolite. (a) 
Front view. (b) top view. 

telescope, and the second is the cross hairs' 
image. Both must come to focus on a single 
plane-i.e., at the back of the obseIVer's eye 
in order to be seen clearly. If this condition is 
not met, parallax exists. 

To test for parallax, the telescope should be 
focused on some distant well-defined object. 
While viewing the object through the tele­
scope, the obseIVer's eye is shifted slightly hor­
izontally and vertically to check for any move­
ment of the cross hairs relative to the object. If 
the cross hairs do not so move over the object, 
an adjustment is not necessary. If the cross 
hairs do appear to move on the object, paral­
lax exists and must be corrected. 

To eliminate parallax, the telescope's focus­
ing knob is rotated so everything is out of 
focus except the cross hairs. Then, using the 
eyepiece focusing ring located at the tele­
scope's rear, adjust the focus of the cross hairs 
until they are sharp and well defined. Refocus 
the telescope on a distinct object and again 
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check for parallax. Repeat the procedure as 
necessary until parallax is eliminated, after 
which the instrument will not need to be ad­
justed again. However, if another sUIVeyor uses 
the equipment, he or she should also test for 
and clear any parallax, since vision varies from 
person to person. 

Cross Hairs 

Equipment manufacturers attempt to make 
the vertical and horizontal cross hairs truly 
perpendicular to each other, but for older 
instruments this condition is less likely to have 
been met. It is important that the horizontal 
cross hair of a level be truly horizontal when 
the instrument is leveled so, if necessary, any 
part of this cross hair can be used to obtain 
true rod readings. If under these conditions 
the vertical cross hair is not exactly vertical, 
sUIVeyors should understand that this situation 
will not affect the performance of the level in 
determining elevations. 

To test the horizontal cross hair, first level 
the instrument, then check for and eliminate 
any parallax. Using one end of the horizontal 
cross hair, take a reading on a level rod. With 
the horizontal slow motion of the instrument, 
rotate the level so the horizontal cross hair is 
sighted to its other end on the level rod. 
Check to see if there has been any change in 
the vertical position of the cross hair with 
respect to the initial rod reading. If there is no 
change, the cross hair is truly horizontal. If the 
cross hair has moved above or below the initial 
rod reading, then it is not truly horizontal and 
must be adjusted. 

To adjust, note the distance the cross hair 
has moved above or below the initial rod read­
ing. Then, slightly loosen two adjacent reticle 
adjusting screws. While sighting through the 
telescope, rotate the reticle until the end of 
the cross hair is moved back half the length it 
was off the initial rod reading. Tighten the two 
reticle adjusting screws. 

Check the adjustment by repeating the test. 
It is important to note that the horizontal 
cross hair was rotated about its center so a new 
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initial rod reading must be taken. Repeat as 
necessary until the rod reading at both ends of 
the horizontal cross hair is the same. 

If the vertical and horizontal cross hairs are 
truly perpendicular, the vertical cross hair must 
now be truly vertical. To check this, after the 
horizontal cross hair has been adjusted, a sight 
is made on a freely suspended plumb line with 
the vertical cross hair. If the vertical cross hair 
does not coincide exactly with the plumb line, 
a note should be made in the instrument's log 
book. 

8-5-1. Dumpy Level: General 
Information 

The dumpy level consists of a telescope, 
bubble tube, and leveling head containing the 
spindle (Figure 8-5). 

8-5-2. Dumpy Level: Principal 
Adjustments 

Due to their simple construction, dumpy 
levels have only two principal adjustments: (1) 
bubble tube and (2) line of sight. 
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Bubble Tube 

The purpose of this adjustment is to make 
the bubble-tube axis perpendicular to the in­
strument's vertical axis. To test this condition, 
set up the instrument so the bubble tube is 
directly over two opposite leveling screws and 
carefully center the bubble. Rotate the instru­
ment 900 to place the bubble tube over the 
remaining pair of leveling screws and again 
center the bubble. Rotate the instrument 1800 

to reverse the tube's position. If the bubble 
runs off center, an adjustment is necessary. 

The distance the bubble moves represents 
twice the error present. To correct, bring the 
bubble back halfway by turning the adjusting 
nuts at one end of the bubble tube. Recenter 
the bubble using the two leveling screws in 
line with the tube. Rotate the instrument 900 

and center the bubble using the other pair of 
leveling screws. Provided the adjustment was 
done correctly, the bubble will remain cen­
tered as the instrument is rotated. If the bub­
ble runs again, repeat the adjustment until it 
stays centered. 

- A' 

- B' .... 
F 

A-A' Line of Sight 
B-B' Bubble Tube Axis 
C-C' Vertical Axis 

FJgUre 8-5. Dumpy level. 



Une of Sight 

The purpose of this adjustment is to make 
the line of sight perpendicular to the instru­
ment's vertical axis. The method used to test 
this condition is called the two-peg test or, 
simply, the peg test. 

Level the instrument at a point C midway 
between two stakes A and B, which should be 
at least 200 ft apart (Figure 8-6). Assume an 
elevation for A and take a backsight (BS) on a 
level rod held there. Rotate the level and read 
a foresight (FS) on a rod held on B. Because 
the instrument is halfway between A and B, 
any error caused by an inclined or depressed 
line of sight is the same in both rod readings. 
The true elevation of B with respect to the 
assumed elevation at A is obtained by adding 
the BS to A's elevation, to get the height of 
the instrument (HI), then subtracting the FS. 
The ~rror is both added and subtracted, 
thereby canceling itself out. The only eleva­
tion in error is the HI. 

The instrument is then moved to a point D 
on the opposite side of B from A with the 
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eyepiece end of the telescope within a few 
inches of a rod held on B. After leveling the 
instrument, a short BS is taken on B, looking 
backward through the telescope objective lens. 
The cross hairs will not be visible, but a pencil 
point held against the rod can be centered in 
the field of view to get a reading. After rotat­
ing the instrument, a normal FS is taken on A. 
The HI is the elevation of B plus the BS and 
since the distance is very short, the HI is 
essentially without error. The computed FS for 
A is then simply the HI minus A's elevation. If 
the computed and observed FS are not the 
same, an adjustment is necessary. 

To correct the error, loosen the top (or 
bottom) and tighten the bottom (or top) reti­
cle screws to move the cross hairs vertically 
until the observed FS matches the computed 
one. Always loosen one screw first and then 
tighten the second to prevent reticle ring 
warping. After the cross hairs have been moved 
to the correct position, test to make sure the 
horizontal cross hair is still horizontal. To 
check the adjustment, repeat the test, setting 
up the instrument behind A. 

TsC-===-=:::-====-=="-~-==-=::-==:-==-=-- r 
L~~~~~ __ ~~~~~ 

A B 

f ---------------------:r A 1 
Computed ctua 

• FS , FS 

B A 

Figure 8-6. Peg test. 
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8-7 -3. Wye Level: General 
Information 

The wye level differs from the dumpy in 
that the telescope, with the bubble tube, is 
removable from the two wyes in which it is 
mounted. The wyes are circular clamps 
mounted on a support bar that is attached to 
the vertical axis of the instrument (Figure 8-7). 
One or both wyes has two adjusting nuts, which 
allow it to be moved up or down with respect 
to the support bar. When the clamps are 
opened, the telescope is free to roll in the 
wyes. An imaginary line connecting the center 
of each wye defines their axis, i.e., the line 
about which the telescope rolls. 

8-5-4. Wye Level: Principal 
Adjustments 

Since the wye level has more components 
than the dumpy, it has additional sources of 
error. The conditions to test are the line of 
sight, lateral adjustment, bubble tube, and 
wyes. 

Line of Sight 

The purpose of this adjustment is to make 
the line of sight coincide with the axis of the 
wyes. To test this condition, open the wyes, 
level the instrument, and sight a distinct point 
with the cross hairs. While sighting, roll the 

A -H----- - ------- - ------- ---~,__-.......,r-++t--A' 

c--

A-A' Line of Sight 
B-B' Bubble Tube Axis 
C-C' Axis of the Wyes 
D-D' Vertical Axis 

Figure 8-7. Wye level. 
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telescope 180° in the wyes so the bubble tube 
is above the telescope. An adjustment is neces­
sary if the cross hairs have moved off the 
sighted point. 

The length the cross hairs move above or 
below the point represents twice the error. 
Bring the cross hairs back half the distance by 
loosening the top (or bottom) and tightening 
the bottom (or top) reticle screws. Check by 
resighting a distinct point and repeating the 
test. Repeat as necessary until the adjustment 
is complete. Roll the telescope back to its 
correct position, clamp the wyes, and check to 
ensure the horizontal cross hair is still hori­
zontal. 

Lateral Adjustment 

This adjustment makes the axis of the wyes, 
line of sight, and bubble-tube axis lie in the 
same vertical plane when the instrument is 
leveled. 

At one end of the bubble tube is a set of 
adjusting nuts (as on a dumpy) and a set of 
capstan-headed screws perpendicular to them. 
These screws shift one end of the tubehori­
zontally when the telescope is in its normal 
position. To check this adjustment, open the 
wyes and level the instrument. Roll the tele­
scope approximately 30° in the wyes so the 
bubble tube, viewed from the rear, is in the 
five o'clock position. Any length the bubble 
runs off center represents the full error. To 
adjust, loosen one and tighten the other 
capstan-headed screw until the bubble is 
brought back to center. Check by rolling the 
telescope so the bubble tube is in the seven 
o'clock position. Repeat the adjustment if the 
bubble runs. 

Bubble Tube 

The purpose of this adjustment is to make 
the bubble-tube axis parallel to both the line 
of sight and axis of the wyes. To test, open the 
wyes, rotate the instrument placing the bubble 
tube directly over two opposite leveling screws, 
and center the bubble. Rotate the instrument 
90°, placing the tube over the remaining pair 
of leveling screws, and again center the bub-
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ble. Carefully remove the telescope from the 
wyes, turn it end for end, and replace it. An 
adjustment is necessary if the bubble runs off 
center. 

The length the bubble runs represents twice 
the error. To correct, bring it back halfway 
using the bubble-tube adjusting nuts. Check by 
releveling the instrument and repeating the 
test. If the bubble runs, repeat the adjustment 
until it remains centered. 

Wyes 

This adjustment makes the axis of the wyes 
perpendicular to the instrument's vertical axis. 
If the preceding adjustments have been car­
ried out correctly, this will also make the line 
of sight and bubble-tube axis perpendicular to 
the vertical axis. 

Center the bubble first over one pair of 
opposite leveling screws and then over the 
remaining pair. Rotate the instrument 180° 
and check the bubble run. The length of 
movement represents twice the error present. 
Correct by bringing the bubble back halfway 
with the wye adjusting nuts. Readjust as neces­
sary until the bubble stays centered in all 
positions. 

8-5-5. Automatic Level: 
General Information 

Automatic levels differ from dumpy and 
wye levels in having a compensating device 
that maintains a horizontal line of sight when 
the instrument is approximately leveled. Auto­
matic levels also have three leveling screws, 
instead of four, and a circular bubble whose 
upper inner surface is spherical and has etched 
a bull's-eye on it. This bull's-eye generally de­
fines the limits within which the compensator 
will maintain a horizontal line of sight. 

At first glance, automatic levels appear to 
be complicated devices that a surveyor should 
not attempt to adjust. However, except for the 
compensator, the instrument is relatively sim­
ple in design and a few adjustments can be 
easily performed with satisfactory results. 
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8-5-6. Automatic Level: 
Preliminary Adjustments 

Preliminary adjusttnents for automatic lev­
els are the same as those for the dumpy and 
wye: (1) parallax and (2) cross hair. On dumpy 
or wye levels, the reticle adjusting screws are 
easy to find; on automatic levels, they tend to 
be elusive, but generally are located under a 
cover just forward of the telescope eyepiece. 
Some automatic levels will have only one or 
two reticle screws. If there is only one, the 
horizontal cross hair has been preset at the 
factory and should not be rotated. If there are 
two, a surveyor may be able to rotate the 
reticle. Generally speaking, since these sc~ews 
are well-shielded, the cross hairs will stay in 
adjusttnent but should be periodically checked. 
If this condition is not met, then the cross-hair 
intersection should be used in taking rod 
readings or the instrument should be sent to a 
repair facility. 

An additional preliminary check for auto­
matic levels concerns the compensator. If dust 
or humidity enters the compensator or the 
instrument is excessively jarred, the compen­
sating mechanism may stick and give erro­
neous rod readings. To test for this, carefully 
level the instrument and take a rod reading on 
a solid point. While sighting, tap a leg of the 
tripod. This will cause the compensator to 
swing, moving the cross hairs off the reading 
and then back to it. If the cross hairs return to 
the original reading, the compensator is work­
ing properly. If they do not, the compensator 
is sticking. Tap again to check. 

In the event the compensator sticks, the 
surveyor should not attempt to fix it. After a 
cover is removed, the problem will worsen 
more as dust or moisture find their way into 
the compensator, and the level must be sent to 
a repair facility for proper adjustment. 

8-5-7. Automatic Level: 
Principal Adjustments 

Due to their simple design, automatic levels 
have only two principal adjusttnents: (1) circu­
lar bubble and (2) line of sight. 

Circular Bubble 

Unlike the ordinary bubble-tube axis, a cir­
cular bubble has a plane tangent to the mid­
point of its upper inner surface. For proper 
adjusttnent, this plane must be perpendicular 
to the instrument's vertical axis. To test this 
condition, center the bubble in the bull's-eye 
using the leveling screws, then rotate the in­
strument 180°. It requires adjusttnent if the 
bubble moves out of the bull's-eye. 

In order to correct this error, the bubble 
must be brought back half the distance it ran. 
The circular bubble housing should have a set 
of three or four adjusting screws located on its 
top or bottom. By turning one or more of 
these screws, bring the bubble back halfway. 
Relevel the instrument and repeat the test. 

line ofSighf 

The purpose of this adjusttnent is to make 
the line of sight perpendicular to the instru­
ment's vertical axis. The test and adjusttnent 
procedure are the same as those used for the 
dumpy levelline-of-sight adjusttnent (peg test). 
To move the cross hairs vertically on instru­
ments having only one or two reticle adjusting 
screws, the screw at the six or twelve o'clock 
position is turned. The reticle is spring-loaded 
at the opposite side, so it is forced to move 
when the screw is turned. This adjusttnent can 
only be performed correctly if it has been 
determined that the compensator is function­
ing properly. 

8-5-8. Tilting Level: General 
Information 

Tilting levels are three-screw instruments 
consisting of a telescope, circular bubble, sen­
sitive bubble tube, and leveling head. The 
telescope is mounted so that it can be tilted by 
rotating a drum located beneath the eyepiece. 
This feature allows the instrument to be pre­
cisely leveled each time a reading is taken. 

The preliminary adjustments are the same 
as those for the dumpy level, except that there 



may be an auxiliary telescope for observing 
the bubble tube-in which case, it too must be 
checked for parallax. 

8-5-9. TiBing Level: Principal 
Adjustments 

Because of its simple design, there are only 
two principal adjustments for the tilting level: 
(1) circular bubble and (2) precise bubble tube. 

Circular Bubble 

The purpose of this adjustment is to make 
the plane of the circular bubble perpendicular 
to the instrument's vertical axis. 

The test and adjustment of the circular 
bubble are dependent on how it is mounted 
on the instrument. If it rotates with the tele­
scope about the vertical axis, use the same 
procedure as that for an automatic level. If it 
does not rotate with the telescope, an adjust­
ment is not really necessary, since the precise 
bubble tube is used to obtain a horizontal line 
of sight. 

Precise Bubble Tube 

This adjustment makes the precise bubble­
tube axis parallel to the instrument's line of 
sight. To test for this condition, use the dumpy 
level peg-test procedure. When the correct FS 
to give a horizontal line of sight is computed, 
the cross hairs are brought to that reading by 
rotating the telescope's tilting drum. The pre­
cise bubble is then centered using the bubble­
tube adjusting nuts. If the bubble is the coinci­
dent type, the adjustment makes the bubble's 
two ends coincide. 

8-6. ADJUSTMENTS OF TRANSITS 
AND THEODOLITES 

The two preliminary adjustments for transits 
and theodolites are to (1) eliminate parallax 
and (2) properly position the cross hairs. 
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Parallax 

This adjustment is the same as for levels. 

Cross Hairs 

In leveling, it is important to have the hori­
zontal cross hair truly horizontal. Since transits 
and theodolites are used· primarily for angle 
measurement, it is more important to have the 
vertical cross hair truly vertical in order to use 
any part of it for sighting. 

To test the vertical cross hair, first level the 
instrument, then check for and eliminate any 
parallax. Sight on a freely suspended non­
swinging plumb line. If the vertical cross hair 
does not coincide with the plumb line, an 
adjustment must be made by rotating the reti­
cle. Loosen two adjacent reticle screws and 
rotate the cross hairs until the vertical one 
coincides with the plumb line. Retighten the 
screws and check the adjustment by reversing 
the position of the telescope and repeating the 
test. 

After the adjustment has been made, per­
pendicularity of the horizontal and vertical 
cross hairs should be checked by using the 
horizontal cross-hair test described for levels. 
The result should be recorded in the instru­
ment's log book. 

8-6-1. Transit: General 
Information 

The primary function of transits is to mea­
sure horizontal and vertical angles. Figure 8-8 
shows the instrument axes to be adjusted. 

Traditional transits are of an open design 
with all adjusting screws and nuts exposed. 
Basic transit design has been modified on 
newer instruments to incorporate additional 
features. Some use an optical plummet in lieu 
of a plumb line, whereas others have been 
modified to the point where they resemble a 
theodolite more than a transit. These instru­
ments have some advantages of both, and since 
they are a cross between the two designs, their 
adjustments are a cross between those for 
transits and theodolites. 
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Figure 8-8. Transit/theodolite. 

8-6-2. Transit: Principal 
Adjustments 

Transits have more axes than do levels; 
therefore, there are more adjustments to be 
made. The principal adjustments for transits 
are (1) plate bubble tubes, (2) line of sight, (3) 
horizontal axis, (4) telescope bubble tube, (5) 
vertical vernier, and (6) horizontal vernier test. 

Plate Bubble Tubes 

Most traditional transits have two-plate bub­
ble tubes mounted at right angles to each 

other. Each tube has its own axis, which must 
be adjusted to make it perpendicular to the 
instrument's vertical axis. Newer instruments 
may have only a single-plate bubble tube. 

To test the plate bubble tubes, set up the 
instrument so each bubble tube is in line with 
two diagonally opposite leveling screws. Cen­
ter each bubble separately using the corre­
sponding pair of leveling screws, then rotate 
the transit 180°, and check the bubbles' runs. 
If one or both bubbles run, an adjustment is 
necessary-the amount of movement repre­
senting twice the error present. 

To correct, bring each bubble back halfway, 
using the bubble-tube adjusting nuts or screws. 
Relevel the instrument and repeat until the 
bubbles remain in place as the transit is ro­
tated. 

Line of Sight 

The purpose of this adjustment is to make 
the line of sight perpendicular to the horizon­
tal axis. This will allow true straight-line exten­
sion when transiting the telescope. 

The method used to test this adjustment is 
to extend a straight line on relatively flat ter­
rain by double centering (Figure 8-9). Set up the 
instrument and select or set a distinct point A 
at a distance of at least 100 ft. Point A and the 
instrument point define a straight line that is 
to be extended. Backsight on A locking both 
horizontal motions; then reverse the telescope 
and set a point B at a distance of at least 200 
ft. If the transit is in adjustment, point B will 
be on the extension of the straight line. Rotate 
the transit about its vertical aX'is and backsight 
on A with the telescope now reversed. Lock 
both horizontal motions; then reverse the tele­
scope and set a point C at a distance AC = AB. 
If the transit is in adjustment, points Band C 
will coincide exactly. 

If Band C do not coincide, the true exten­
sion of the straight line will pass through a 
point D halfway between Band C. Distance 
CB represents four times the error present. 

To adjust the transit, while still sighting on 
C, move the cross hairs horizontally one-fourth 



B 

nT. ----------~ 
--~----------

• c. 

Figure 8-9. Double centering. 

distance CB in the direction of B. To move 
the cross hairs, slightly loosen the top reticle 
adjusting screw, then alternately loosen and 
tighten the side reticle screws; check by re­
peating the test. Mter the adjustment is com­
pleted, recheck the vertical cross hair and 
adjust if necessary. 

Horizontal Axis 

This adjustment makes the horizontal axis 
perpendicular to the vertical axis of the tran­
sit. To test this condition, set up and level the 
instrument approximately 20 ft from a tall 
vertical wall. Raise the telescope to a vertical 
angle of approximately 30° and sight some 
distinct point A on the wall. Plunge the tele­
scope to horizontal-i.e., to a vertical angle of 
approximately 0°-and mark a point B on the 
wall. Rotate the instrument 180°, reverse the 
telescope, and resight A. Plunge the telescope 
to horizontal and mark a point C on the wall 
(Figure 8-10). If Band C do not coincide, the 
horizontal axis needs to be adjusted. 

One end of the horizontal axis must be 
raised or lowered by means of an adjusting 
screw at the end of the horizontal cross arm. 
This moves a saddle in which the cross arm is 
seated and held in place by a damp. Loosen­
ing the damp and turning the adjusting screw 
shifts the horizontal axis. 

To determine the required length of move­
ment, mark a point D halfway between Band 
C. This places D vertically beneath A. Sight 
D, then raise the telescope to A where, be­
cause of the instrument error, the cross hairs' 
intersection will miss point A. Using the 
horizontal-axis adjusting screw, raise or lower 
the end of the cross arm until the cross hairs 
are brought to A. Tighten the clamp and 
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A 

check the adjustment by repeating the test. 
Mter completion, recheck the vertical cross 
hair and adjust as necessary. 

A word of caution: Do not overtighten the 
clamp, since this can apply too much pressure 
on the cross arm, preventing the telescope 
from rotating freely. 

Telescope Bubble Tube 

The purpose of this adjustment is to make 
the axis of the telescope bubble tube parallel 
to the line of sight. 

To perform this adjustment, follow the 
peg-test procedure described for dumpy levels. 
The telescope bubble must be centered, using 

A 

D 

Figure 8-10. Horizontal-axis adjusunent. 
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the vertical slow motion, for each backsight 
and foresight reading. When the correct FS to 
give a horizontal line of sight is computed, the 
cross hairs are tilted up or down to that read­
ing using the vertical slow motion. The tele­
scope bubble is then brought to center using 
the bubble-tube adjusting nuts or screws. 
Check by repeating the peg test. 

Vertical Vernier 

The purpose of this adjustment is to ensure 
that the vertical vernier is reading exactly 0°, 
when the line of sight is horizontal. This ad­
justment is performed in one of two ways, 
depending on the type of vertical vernier ar­
rangement used on the transit. 

METHOD 1. This is used if there is no verti­
cal vernier bubble tube. Set up and level the 
instrument; then using the vertical lock and 
slow motion, center the telescope bubble. If 
the vertical vernier does not read exactly 0°, 
carefully loosen the vernier mounting screws, 
move it to a reading of exactly 0°, and 
retighten. 

This adjustment is much more difficult than 
it seems because when the mounting screws 
are loosened, the vernier "falls away" from 
the vertical circle. When retightening, it is 
important that the vernier:. not rub against the 
circle and a gap is not left between the two. 

To avoid shifting the vernier, reading a 
vertical angle direct and reverse and using the 
average will cancel out any errors. In cases 
where it is not possible or practical to read 
angles direct and reverse, as in stadia work, an 
index error should be applied. An index error is 
the angle on the vertical vernier, when the 
telescope bubble is centered. It should be 
recorded, with its correct mathematical sign 
and telescope orientation, in the instrument's 
log book and case. On newer transits where 
the vertical vernier is not readily accessible, an 
index error should be used or the instrument 
sent to a repair facility. 

METHOD 2. This is used if the vertical 
vernier has a bubble tube. Set up and level 

the instrument; then using the vertical lock 
and slow motion, center the telescope bubble. 
Set the vernier to a reading of exactly 0° using 
the vernier slow-motion screw and center the 
vernier bubble using the bubble-tube adjusting 
screws. 

Horizontal Verniers Test 

The purpose of this test is to determine if 
the two horizontal verniers on a transit are 
truly 180° apart. The transit is designed to 
provide the option of reading one or the 
other of the A and B horizontal verniers when 
measuring angles. An error in horizontal­
angle measurement is introduced if the two 
verniers are read alternately, and they are not 
180° apart. To test for this condition, lock the 
A vernier at exactly 0° and read the B vernier. 
Record any error. Repeat the procedure for at 
least three more readings spread evenly 
around the horizontal circle. 

If the error is consistent, within reading 
ability, one of the verniers is off. An adjust­
ment is not easily made, so the transit should 
be sent to a repair facility, or only one vernier 
should be used consistently when measuring 
angles. 

If the error is not consistent, this may indi­
cate that the spindles are worn or the plates 
are warped. If that is the case, the transit must 
be sent to a repair facility. 

8-6-3. Theodolite: General 
Information 

A theodolite's main function is the same as 
that of a transit: measuring horizontal and 
vertical angles. The instrument differs from 
the transit in having an optical plummet, opti­
cal-reading system, a circular bubble, only a 
one-plate bubble tube, and three leveling 
screws. Most adjusting screws and nuts are 
located under protective covers. 

Figure 8-8 shows the basic axes to be ad­
justed. Some of these adjustments also apply to 
the newer-style transits, which physically re­
semble theodolites. In addition to the prelimi­
nary transit adjustments for parallax and cross 



hairs' position, a theodolite must also have the 
parallax cleared in its optical plummet and 
angle-reading telescope. 

8-6-4. Theodolite: Principal 
Adjustments 

The principal adjustments of theodolites are 
similar to those of transits: (1) plate bubble 
tube, (2) circular bubble, (3) line of sight, (4) 
horizontal axis, (5) telescope bubble tube, (6) 
vertical circle, and (7) optical plummet. 

Plate Bubble Tube 

The purpose of this adjustment is to make 
the axis of the plate bubble tube perpendicu­
lar to the vertical axis of the theodolite. To 
test, set up the theodolite and roughly level it 
using the circular bubble. Rotate the instru­
ment so the plate bubble-tube axis is parallel 
to a line through two leveling screws, and 
carefully center the bubble using them. Rotate 
the instrument 90° and center the bubble us­
ing only the remaining leveling screw. Rotate 
the theodolite 1800 and check for bubble run. 
An adjustment must be made if the bubble 
runs for a distance representing twice the er­
ror present. 

To correct, bring the bubble back halfway 
using the bubble-tube adjusting nuts or screws. 
Repeat until the bubble remains stationary as 
the theodolite is rotated. 

Circular Bubble 

The circular bubble is used to roughly level 
a theodolite and allow the use of the optical 
plummet. This adjustment makes the plane of 
the circular bubble perpendicular to the in­
strument's vertical axis. 

To test the circular bubble, level the 
theodolite using the plate bubble tube. If the 
circular bubble is not centered in the bull's­
eye, it needs to be adjusted. Carefully center 
the circular bubble in the bull's-eye using the 
circular bubble adjusting nuts or screws. 

Une of Sight 

The purpose of this adjustment is to make 
the line of sight perpendicular to the horizon-
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tal axis. The procedure used is the same as 
that described for transit line-of-sight adjust­
ment. 

Horizontal Axis 

This adjustment makes the horizontal axis 
perpendicular to the instrument's vertical axis. 
The procedure used is the same as that de­
scribed for a transit horizontal-axis adjust­
ment. 

Telescope Bubble Tube 

This adjustment makes the axis of the tele­
scope bubble tube parallel to the line of sight. 
Generally, theodolites do not have telescope 
bubble tubes. For those theodolites and 
newer-style transits that do, use the procedure 
described for a transit telescope bubble-tube 
adjustment. 

Vertical Circle 

The purpose of this adjustment is to ensure 
that the vertical circle of a theodolite is cor­
rectly oriented, with respect to gravity, when 
vertical angles are read. This is accomplished 
either by (1) an automatic compensator or (2) 
a vertical-circle bubble tube. 

To test a theodolite, level it and if it has a 
vertical-circle bubble tube, carefully center it 
using the bubble centering screw. Read a di­
rect and reverse vertical angle to a selected 
point A. A vertical angle. for the purposes of 
this test, is defined as measured with respect to 
the horizon in a vertical plane. Angles of incli­
nation are considered positive, angles of de­
pression negative. The instrument is in need 
of adjustment if the direct and reverse vertical 
angles are not equal. Averaging the two read­
ings gives the correct vertical angle. 

If the theodolite has a compensator for 
circle orientation, it should be properly ad­
justed at a repair facility. An index error can 
be computed. recorded in the log book. and 
applied to each single vertical angle. 

If the theodolite has a vertical-circle bubble 
tube, resight on point A and, using the bub­
ble centering screw, set the correct vertical 
angle on the reading system. The effect of this 
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is to slightly rotate the vertical circle while 
leaving the cross hairs set on A. This will also 
cause the vertical-circle bubble to run. Recen­
ter the bubble using the bubble-tube adjusting 
nuts or screws. Check by reading direct and 
vertical angles to A again, repeating the ad­
justment as necessary. 

Optical Plummet 

The optical-plummet sight will only be truly 
vertical if the instrument is level, and the line 
of sight of the plummet is coincident with the 
instrument's vertical axis. An optical plummet 
is either built into the tribrach or upper in­
strument assembly. In the first case, the plum­
met remains fixed in position as the instru­
ment is rotated; in the second, it rotates with 
the theodolite. 

Both types can be tested using a plumb 
bob. Level the instrument and hang a plumb 
bob below it. Carefully mark a point on the 
ground directly beneath the plumb bob and 
remove it. Sight through the optical plummet 
and check the plummet reference mark with 
respect to the ground mark. An adjustment is 
necessary if the marks do not coincide. Four 
plummet adjusting screws are located just for­
ward of the eyepiece and may be under some 
sort of cover. Turn the appropriate adjusting 
screws-first loosening, then tightening-to 
bring the plummet reference mark to the 
ground mark. 

If an optical plummet is mounted in the 
upper assembly, it can also be tested by level­
ing the theodolite over a ground point using 
the optical plummet. then rotating 180°. If the 
plummet mark moves off the ground point, 
use the adjusting screws to bring it back 
halfWay. Check by repeating the test. 

8-7. OTHER SURVEYING 
EQUIPMENT 

8-7 -1. Tribroch 
Tribrachs are the most versatile of surveying 

instruments and should be periodically tested 
and adjusted. Tribrachs use a circular bubble 

for leveling and mayor may not have a built-in 
optical plummet. 

The tribrach should be attached to a com­
patible theodolite, if possible. To test and ad­
just the circular bubble and optical plummet, 
follow the procedures explained under princi­
pal adjustments of theodolites. 

If a compatible theodolite is not available, a 
tribrach can still be tested and adjusted if an 
extra circular bubble or striding level is avail­
able. The tribrach is leveled using one of 
these, and its circular bubble is brought to 
center using the adjusting screws. The optical 
plummet can be adjusted using a plumb line, 
as previously explained under principal adjust­
ments of theodolites. 

8-7-2. Rod Level 

To test a rod level, hang a plumb bob from a 
firm overhead support and mark a point on 
the ground directly beneath it. Raise the plumb 
bob high enough to just clear a short section 
of range pole. Attach the rod level by screwing 
or taping to the pole and then place the range 
pole tip on the ground point, centering its top 
beneath the plumb bob. Use the bubble ad­
justing screws to center the bubble if neces­
sary. 

8-7 -3. Striding Level 

Striding levels should be tested and adjusted 
on the transits or theodolites with which they 
were designed to be used. The transit or 
theodolite should first have its horizontal axis 
adjusted. Carefully level the instrument and 
place the stritiing level on its cross arm. If the 
bubble runs toward one end or the other, 
center it using the adjusting nuts at one end of 
the bubble tube. 

8-7 -4. Tripod 

The tripod is an often-overlooked piece of 
surveying equipment. It serves as a platform 
for various instruments. For example, a 
theodolite, no matter how well-adjusted, can-



not be expected to give good results if the 
tripod supporting it is unstable. 

Shoes must be rigidly attached to the tri­
pod's legs to prevent shifting under the weight 
of an instrument. Secure fastening clamps are 
necessary to avoid leg slippage on extension-leg 
tripods. Bolts connecting legs to the tripod 
head should be tightened firmly but not tight 
enough to disallow easy folding of the legs. 
Metal tripods should be checked for dents that 
could affect sliding of the extension legs. 
Wooden tripods must be inspected for cracks 
and flat spots under the clamps, worn areas on 
the wood's protective coating refinished, and 
to prevent swelling, any moisture wiped off 
immediately. 

8-8. CLEANING EQUIPMENT 

Surveying equipment is frequently used in rel­
atively hostile environments; dirt and water 
are its worst enemies. Proper maintenance in­
cludes not only periodic adjustments, but also 
regular cleaning. Instruments can be sent to a 
repair facility for a thorough cleaning and 
lubrication, but a surveyor can do a few things 
to keep equipment in good condition. 

As soon as possible, dirt and water must be 
removed from external instrument parts with 
a mild general household cleaner, cotton 
swabs, and pipe cleaners. Pay particular atten­
tion to clamp screws, leveling screws, and ex­
posed metal joints. If water gets inside a tele­
scope, resist the temptation to go in after it; 
opening a telescope allows dust to get in, and 
on older instruments the cross hairs are fragile 
and easily destroyed. 

A soft camel's hair brush works best for 
cleaning lenses. If lenses are streaked, a lint­
free cloth and some optical-quality glass 
cleaner are necessary. Newer optics are coated 
and can be damaged by excessive rubbing or 
using a household glass cleaner. 

Surveyors should avoid the temptation to 
oil or grease equipment. Lubricants attract 
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dust like a magnet, accelerating wear. Thor­
ough lubrication and internal cleaning should 
be done by a repair facility. 

8-9. SHIPPING EQUIPMENT 

When shipping equipment to a repair facility, 
it is important to pack it properly. Instrument 
cases alone are not designed for shipping pur­
poses and, therefore, should be put in a sturdy 
container with a generous amount of packing 
material. If the container is dropped, the 
packing material rather than the instrument 
will absorb the shock. 

The shipping and return addresses should 
appear in at least two different places on the 
exterior of the container and be included in­
side in the event the external addresses are 
destroyed or obliterated. Labels identifying the 
contents as fragile precision equipment should 
also appear in multiple locations on the exte­
rior. A letter explaining in detail the problems 
with the equipment should be inside the con­
tainer. 

Equipment being shipped must be insured. 
Surveying equipment represents a large invest­
ment, and all possible measures should be 
taken to protect it. 
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9 
Traversing 

Jack B. Evett 

9-1. INTRODUCTION 

A traverse is a series of consecutive straight 
lines along the path of a survey, the lengths 
and directions of which are or have been 
determined by field measurements. The sur­
veying performed to evaluate such field mea­
surements is known as traversing. Although 
often used in land and route surveying, it is 
also employed in other types of surveying. 

The end points of traverse lines, known as 
traverse stations or "hubs," are commonly 
marked in the field by wooden stakes with 
tacks in the top, steel rods, or pipes driven 
into the ground. On blacktop or concrete 
pavement, traverse stations can be located by 
driving a nail into the blacktop or by chiseling 
or painting an "X" or other mark on the 
concrete. On a map or plat, traverse stations 
may be marked with a small circle. A small 
triangle denotes a control station. 

There are two basic types of traverses: (1) 
open and (2) closed. Both originate at a point of 
known location. An open traverse terminates 
at a point of unknown position; a closed tra­
verse finishes at a point of fixed location. 
Figure 9-1 illustrates an open traverse that 
might represent a proposed highway or 
pipeline location. Figure 9-2 shows two closed 
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traverses. In Figure 9-2a, ABaJE represents a 
proposed highway route, but the actual tra­
verse begins at known location 1 and ends at 
fixed location 2. This type of closed traverse is 
known as "geometrically open, mathematically 
closed." In Figure 9-2b, ABaJEA represents a 
parcel of land for which the actual traverse 
begins and ends at known point A. This type 
of closed traverse is "geometrically and math­
ematically closed." (Subsequent citations to 
closed traverses in this chapter refer to geo­
metrically and mathematically closed ones.) 

Although open traverses sometimes are used 
on route surveys, such as highway or pipeline 
locations, they should be avoided because an 
independent check for errors and mistakes is 
not available. The only means of verifying an 
open traverse is to repeat all measurements 
and computations (not an independent check). 
For closed traverses, independent mathemati­
cal means of checking both measured angles 
and distances are available (see Sections 9-3 
and 9-4) and should be utilized to verify survey 
accuracy. Whenever open traverses of the type 
shown in Figure 9-1 are encountered, if possi­
ble they should be transformed to either (1) 
geometrically open, mathematically closed 
ones (Figure 9-2a) by extending the traverse to 
beginning and ending points of known loca-
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tion, or (2) geometrically and mathematically 
closed ones (Figure 9-2b), by continuing the 
traverse so it ends on its beginning point. 

9-2. FIELD MEASUREMENTS IN 
TRAVERSING 

As stated in the previous section, traversing 
involves measuring both the lengths and direc­
tions of lines. Details regarding these proce­
dures in the field have been presented in 
earlier chapters; however, some considerations 
applicable to traversing are presented in this 
section. 

Lengths of traverse lines can be determined 
by any convenient method, but most measure­
ments are made with electronic devices or by 
taping. In closed traverses, the lengths of lines 
are measured, recorded, and shown on a map 
or plat. On open traverses, it is common prac­
tice to locate stations by their total distances 
from the starting point. Distances are then 
noted in "stations" and "pluses" (a full sta­
tion is 100 ft). In Figure 9-1, if A is station 
o + 00 and the distance from A to B is 569.8 
ft, station B becomes 5 + 69.8. For length BC 
equal to 744.5 ft, station C is 13 + l4.3. 

Directions of traverse lines can be deter­
mined relative to a reference direction (such 
as north) by reading bearings or azimuths, or 

A 

Figure 9-3. Deflection angle and an angle to the right. 

measuring interior angles, deflection angles, 
or angles to the right (preferred) or to the left. 
Bearings and azimuths are obtained by sight­
ing the transit's telescope along a line and 
noting the compass reading. A deflection an­
gle is formed at a traverse station by an exten­
sion of the previous line and the succeeding 
one. The numerical value of a deflection an­
gle must always be followed by R or L to 
indicate whether it was turned right or left 
from the previous traverse line extended. An 
angle to the right is read at a traverse station 
by backsighting along the previous line and 
measuring the clockwise angle to the next 
point. In Figure 9-3, the deflection angle is 
33°33' R; the angle to the right is 213°33'. 

Closed traverse-e.g., land boundary sur­
veys-are usually run by measuring and 
recording interior angles, such as ABC, BCD, 
etc., in Figure 9-2b. Open traverses-e.g., 
route surveys-are more commonly run using 
either deflection angles or angles to the right. 

Since bearings read in the field are not 
highly accurate, traversing is generally done by 
measuring and recording interior angles, de­
flection angles, or angles to the right, all of 
which are determinable to the nearest minute 
or smaller relatively quickly with an ordinary 
transit or theodolite. However, bearings are 
generally used in computing latitudes and de­
partures as well as closure (see Section 9-4) 

------
33 ° 33' R 

c 



and directions are frequently indicated on 
maps and plats by bearings. Therefore, al­
though bearing (compass) readings may be 
made and recorded in the field for checking 
purposes only, actual bearings used in making 
closure calculations are often computed from 
appropriate angle readings-e.g., interior an­
gles; those given on maps and plats are gener­
ally secured from the closure calculations. 

9-3. ANGLE MISCLOSURE AND 
BALANCING 

For closed traverses, an excellent verification 
of angular measurements is available, as the 
sum of the interior angles of a closed polygon 
I is 

(9-1) 

where n is the number of sides (or angles) in 
the polygon. Hence, if the sum of the mea­
sured interior angles of a closed traverse is 
equal to ~ as computed using Equation (9-1), 
the accuracy of each measured angle is as­
sured with reasonable certainty. (It is always 
possible that compensating errors or mistakes 
were made.) 

Because of imperfections in equipment and 
errors made by surveyors, it is not unusual for 
the sum of the measured angles to differ from 
I. The numerical difference between the 
computed sum and I is known as the angle 
misclosure. An angle misclosure of 1 or 2 min 
might ordinarily be considered tolerable, but 
larger values are not. Permissible misclosure c 
can be computed using the formula 

(9-2) 

where n is the number of sides (or angles) and 
K a fraction of the least division of a transit 
vernier or the smallest graduation on a 
theodolite scale. A commonly used value of K 
is 1 min. If this value is reasonable, permissible 
misclosure for a nonagon is 1',;9, or 3', and 
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an angle sum that falls within the range 
1259°57' to 1260°03' would be acceptable. 

If the angle misclosure for a closed traverse 
is greater than the permissible figure as deter­
mined from Equation (9-2), a surveyor should 
remeasure each angle in order to achieve ac­
ceptable misclosure. If the angle misclosure is 
within the permissible range, the angles should 
be balanced or adjusted so their sum is equal 
to the correct geometric total-i.e., the num­
ber determined by Equation (9-1). Angle bal­
ancing can be done utilizing arbitrary adjust­
ments, average adjustments, or adjustments 
based on measuring conditions. Details of 
these methods follow. 

An arbitrary adjustment of traverse angles is 
commonly used for most ordinary traverses. 
Thus, if the misclosure is 1', that figure is put 
in a suspect angle (if there is one), otherwise 
in any angle. For a 2' misclosure, the entire 
correction might be inserted in one angle, or 
l' each in two angles. 

The average adjustment method divides 
misclosure by the number of angles and ap­
plies the result to all angles. When following 
this system, care must be taken not to give a 
false impression of angle precisions. For exam­
ple, if the misclosure of a nonagon is 3', the 
average adjustment would be 3'/9 = 20". For 
original measurements made to the nearest 
minute, it is inappropriate to change each 
angle by 20". Instead, a correction of I' can 
be applied to every third angle, thereby avoid­
ing more serious distortion of the traverse. If, 
however, original measurements were made to 
the nearest 20" -by "repetition" or using a 
better instrument-it is reasonable to apply 
corrections of 20" to every angle. 

When warranted, adjustments can be made 
based on known measuring conditions. If the 
sight line along one traverse side is partially 
obstructed, thereby making accurate sighting 
difficult, the angle misclosure can be divided 
into two equal parts and applied to each angle 
having this line as a common side. Or, if two 
lines forming an angle are both much shorter 
than all other traverse sides, a larger error is 
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more likely to occur there. Hence, that angle 
deserves the total adjustment. 

An important factor in most surveys is to 
maintain comparable precision in angle and 
distance measurements (see Table 6-2). Note 
that errors in angle measurements are not 
related to their size, whereas errors in distance 
measurements increase as lines lengthen. 

9-4. TRAVERSE MISCLOSURE AND 
BALANCING 

Once a closed traverse survey has been com­
pleted, its accuracy must be checked. If re­
quired, the survey should be balanced or 
adjusted to effect perfect closure-i.e., geo­
metric consistency among angles and lengths. 
The first step in this process is to determine 
angle misclosure and balance the angles (see 
Section 9-3). This step ensures the correct 
total for angular measurements, but additional 
computations are needed to assess the effects 
on traverse accuracy by including distance 
measurements and probably balancing the 
survey for them. This step is normally done by 
computing "latitudes" and "departures" for 
use in various computations. 

9-4-1. Latitudes and Departures 
The latitude of a line is its orthographic 

projection on the north-south axis of the sur­
vey. In terms of an ordinary rectangular coor­
dinate system, latitude is the y-coordinate of a 
line secured by multiplying its length by the 
bearing angle cosine. North latitudes are con­
sidered positive, south ones negative. 

The departure of a line is its orthographic 
projection on the east-west axis of the survey 
-i.e., the x-coordinate on an ordinary rectan­
gular system found by multiplying its length by 
the bearing angle sine. East departures are 
considered positive, west ones negative. 

The basis for using latitudes and departures 
to check and adjust a traverse survey is that 
the algebraic sums of both latitudes and de­
partures must equal zero for a closed traverse. 

If both algebraic sums are zero, the survey is 
balanced, and its overall accuracy accepted. As 
with angle misclosure, it is not unusual for 
latitude and departure algebraic sums to differ 
from zero, so the discrepancy is the latitude 
misclosure and, for departures, the departure 
misclosure. Their combined result, known as 
linear misclosure, is determined by computing 
the square root of the sum of the squares of 
latitude and departure misclosure. A final pa­
rameter used in analyzing traverse surveys is 
their precision, determined by dividing linear 
misclosure by traverse perimeter and express­
ing the quotient in reciprocal form. Typically, 
the denominator of the precision is rounded 
to the nearest 100, or the nearest 10 if the 
denominator is relatively small. 

Precision is used to judge whether or not 
the linear misclosure of a traverse is permissi­
ble. For a given survey, permissible precision 
may be prescribed by state or local law. For 
example, North Carolina requires a minimum 
of 1/10,000 for "urban land surveys" and 
1/5000 for "rural and farmland surveys." In 
some cases, permissible precision may be spec­
ified in the contract under which a surveying 
project is being performed. 

Example 9-1. Table 9-1 gives the lengths and 
bearings, as computed from measured inte­
rior angles, of a five-sided closed traverse 
survey. Determine the latitudes and depar­
tures, linear misclosure, and precision of 
the survey. 

The computations for solving this problem 
are shown in Table 9-1. The latitude of AB was 
determined by multiplying its length by the 
cosine of its bearing angle-i.e., 647.25 X 

cos 56°25' = 358.03. Its sign is negative be­
cause the latitude is south. The departure of 
AB was determined similarly using the sine 
function. Computations for the other four lines 
were made in the same manner. Note from 
Table 9-1 that the linear misclosure and preci­
sion were determined to be 0.85 ft and 1/2400, 
respectively. 



Table 9-1. Computation oflatitudes and departures 

Station Bearing 

A 
S56~5'W 

B 
N32°00' E 

C 
N28°52'W 

D 
N8~02'E 

E 
S3°49'W 

A 

Linear misdosure = ";(0.70)2 + (-0.49l = 0.85 ft. 
Precision = 0.85/2074.01 or 1/2400. 

9-4-2. Traverse Balancing 

Length (ft) 

647.25 

300.95 

318.18 

555.02 

252.61 

2074.01 

If linear misclosure for a closed traverse 
survey is greater than the permissible limit 
prescribed by law, contract, or the like, lengths 
and, if necessary, angles of the traverse must 
be remeasured in order to get more accurate 
information and a permissible misclosure. If 
linear misclosure is within the permissible 
amount, the survey should be balanced, or 
adjusted, by distributing linear misclosure 
throughout the traverse to close the figure. 
Methods for balancing traverses include (1) 
arbitrary method, (2) Crandall method, (3) 
least-squares method, (4) transit rule, and (5) 
compass rule. 

When an arbitrary method is used, latitudes 
and departures are adjusted based on a sur­
veyor's judgment. If there is justification to 
believe the measurement of one traverse line 
is less reliable than all others, it would be 
reasonable to adjust only the latitude and de­
parture of that line, forcing the latitude and 
departure algebraic sums to zero. The Cran­
daII and least-squares methods follow pre­
scribed computations based on probability 
theory. Both the transit and compass rules 
apply proportional adjustments. 

With the transit rule, adjustments are ap­
plied to respective latitudes in proportion to 
their lengths; thus the longer a latitude, the 
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Latitude (ft) Departure (ft) 

-358.03 -539.21 

255.22 159.48 

278.64 -153.61 

76.92 549.66 

-252.05 -16.81 

+0.70 -0.49 

greater is its adjustment, and vice versa. Simi­
larly, adjustments are applied to respective de­
partures in proportion to their lengths. Ad­
justments can be computed using the follow­
ing formulas: 

Adjustment in latitude AB 

Latitude misclosure 

latitude of AB 

absolute sum of latitudes 

Adjustment in departure AB 

Departure misclosure 

Departure of AB 

Absolute sum of departures 

(9-3) 

(9-4) 

For simplicity in computations, the formulas 
can be rearranged to the form 

Adjustment in latitude AB 

latitude misclosure 
= latitude of AB X --:----------:-­

absolute sum of latitudes 

since the misclosure/absolute sum ratio is a 
constant for all latitudes in a particular tra­
verse. 

Similarly, adjustments by the compass rule 
are applied to both latitudes and departures in 
proportion to the lengths of the lines. In other 
words, the longer a line, the greater are its 



162 Traversing 

latitude and departure adjustments, and vice 
versa, as shown in the following formulas: 

Adjustment in latitude AB 

Latitude misclosure 

length of AB 

perimeter of traverse 

Adjustment in departure AB 

Departure misclosure 

length of AB 

perimeter of traverse 

(9-5) 

(9-6) 

The compass rule, relatively simple to apply, is 
the most often employed method for balanc­
ing traverses. 

Example 9-2. Balance the traverse of Example 
9-1 by the compass rule. 

The computations for solving this problem 
are shown in Table 9-2. The adjustment for 
latitude AB was determined according to 
Equation (9-5) by multiplying the latitude mis­
closure by the length of AB and dividing by 
the perimeter of the traverse-i.e., 0.70 X 
647.25/2074.01 = 0.22. Its sign, as well as 
those for adjustments of all other latitudes, is 
negative because the latitude misclosure is 

posluve; therefore, each individual latitude 
must be made algebraically smaller. The ad­
justment for departure AB was determined 
similarly; its sign is positive because the depar­
ture misclosure is negative. 

After adjusted latitudes and departures have 
been determined, revised lengths and bear­
ings for the various traverse lines can be com­
puted trigonometrically. The adjusted length 
of a line may be determined by finding the 
square root of the sum of the squares of the 
adjusted latitude and departure of that line. 
The adjusted bearing angle may be computed 
as the arctangent of the quotient of departure 
divided by latitude. The quadrant in which the 
bearing falls can be determined by observing 
the signs of the latitude and departure. 

Example 9-3. Determine the adjusted lengths 
and bearings of the traverse lines for which 
adjusted latitudes and departures were 
computed in Example 9-2. 

The computations for solving this problem 
are shown in Table 9-3. The adjusted length of 
AB was computed by taking the square root of 
the sum of the squares of its latitude and 
departure, i.e., 

";(-358.25)2 + (-539.06)2 = 647.25ft 

Table 9-2. Adjusted latitudes and departures by the compass rule 

Computed Adjustment Adjusted 

Station Latitude Departure Latitude Departure Latitude Departure 

A 
-358.03 -539.21 -0.22 +0.15 -358.25 -539.06 

B 
255.22 159.48 -0.10 +0.07 255.12 159.55 

C 
278.64 -153.61 -0.11 +0.08 278.53 -153.53 

D 
76.92 549.66 -0.19 +0.13 76.73 549.79 

E 
-252.05 -16.81 -0.08 +0.06 -252.13 -16.75 

A 

+0.70 -0.49 ~ ~ 

All values are in ft. 
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Table 9-3. Adjusted lengths and bearings 

Adjusted Adjusted 

Station Latitude (ft) Departure (ft) Length (ft) Bearing 

A 
-358.25 -539.06 647.25 S56°24'W 

B 
255.12 159.55 300.90 N32°01' E 

C 
278.53 -153.53 318.04 N28°52'W 

D 
76.73 549.79 555.12 N82°03'E 

E 
-252.13 -16.75 252.69 S 3°48'W 

Its bearing angle was determined by finding 
the arctangent of the quotient of departure 
divided by latitude-i.e., 

arctan (539.06/358.25) = 56°24'. 

Since both latitude and departure are nega­
tive, this bearing falls in the southwest quad­
rant, S 56°24' W. Computations for the re­
maining lines were made in the same manner. 

9-5. RECTANGULAR 
COORDINATES 

In map plotting, area computing, as well as in 
other applications, it is sometimes convenient 
to locate a line by giving rectangular coordi­
nates for its end points with respect to a refer­
ence coordinate system. Rectangular coordi­
nates for a point with respect to a common x-y 
coordinate system have two numbers sepa­
rated by a comma and enclosed in parenthe­
ses. The first number indicates distance to the 
point measured from the y-axis parallel to the 
x-axis; the second gives distance to the point 
from the x-axis parallel to the y-axis. In sur­
veying, coordinates may be referred to north­
south and east-west axes (meridians) with the 
north coordinate given first. 

Coordinates of each corner of a traverse 
can be determined readily if (adjusted) lati­
tudes and departures are known. In com put-

ing coordinates, it is necessary to have a start­
ing point-i.e., one corner having known 
coordinates. The starting point may be refer­
enced to a known coordinate system (such as 
the state plane coordinate system), or assumed 
coordinates may be used. 

It should be clear from Figure 9-4 that, 
given the coordinates of one point, say, A, the 
x-coordinate of B is equal to the x-coordinate 
of A plus (or minus) the departure of AB. 
Similarly, the y-coordinate of B can be found 
by adding (or subtracting) the latitude of AB 
to the y-coordinate of A. Coordinates of all 
corners of a closed traverse can be calculated 
in the manner just described by beginning 
at a point A with known (or assumed) coordi­
nates and proceeding around the traverse to 
point A. If latitudes and departures were 
"balanced," the original and calculated coor­
dinates of A should be the same, thereby 
affording a good, but not perfect, check on 
the computations. 

Example 94. If coordinates of traverse point 
A in Example 9-3 are N 2000.00, E 1200.00 
ft, determine the coordinates of the other 
traverse corners. 

The computations for solving this problem 
are shown in Table 9-4. The N-coordinate of B 
was determined by adding the latitude of AB 
to the N-coordinate of A -i.e., - 358.25 + 
2000.00 = 1641.75. The E-coordinate of B was 
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Figure 9-4. Illustration of computation of coordinates. 

computed by adding the departure of AB to 
the E-coordinate of A -i.e., - 539.06 + 
1200.00 = 660.94. Coordinates of remaining 
points were found in the same manner. Start­
ing and calculated coordinates of point A are 
the same, indicating that the computed coor­
dinates are probably correct. 

Table 9-4. Computation of station coordinates 

Station Latitude Departure 

A 
-358.25 -539.06 

B 
255.12 159.55 

C 
278.53 -153.53 

D 
76.73 549.79 

E 
-252.13 -16.75 

A 

All values are in ft. 

9-6. MISSING DATA 

Preceding sections demonstrated how traverse 
misclosure can be determined if lengths and 
bearings of all lines have been measured. The 
premise for computing misclosure is that the 
algebraic sums of both latitudes and depar-

N-coordinate E-coordinate 

2000.00 1200.00 

1641.75 660.94 

1896.87 820.49 

2175.40 666.96 

2252.13 1216.75 

2000.00 1200.00 



tures are zero for perfect closure. This premise 
can be used to calculate a maximum of two 
"missing data" for a closed traverse-lengths 
of two lines, bearings of two lines, length and 
bearing of the same line, or length of one line 
and bearing of another-if all other bearings 
and lengths are known. The algebraic sums of 
both latitudes and departures, some of which 
will be unknown or in terms of unknowns, 
must equal zero. Then two simultaneous equa­
tions with two unknowns can be solved to find 
the unknown values. 

Probably the most common application of 
this procedure is calculating the bearing and 
length of a single traverse line, when all others 
have been measured. This problem is easy to 
solve since the line's latitude and departure 
must force the traverse total latitudes and de­
partures to equal zero. Mter the latitude and 
departure of the missing line have been com­
puted, its length and bearing are readily ob­
tained by the methods described in Section 
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9-4-2 and illustrated in Example 9-3. Example 
9-5 illustrates this type of procedure. 

If lengths of two different lines of a traverse 
are unknown, the method described yields two 
simultaneous equations with two unknowns, 
which can generally be solved directly. In some 
cases, however, two equations with two un­
knowns do not provide a unique solution. An 
example occurs when the bearings of two ad­
jacent traverse lines are unknown. As illus­
trated in Figure 9-5, two sets of bearings for 
Be and CD will close the figure for the same 
values of all line lengths and other bearings. 
Both sets of bearings can be obtained by solv­
ing the simultaneous equations. 

The procedure described here to solve for 
missing data should not ordinarily be used for 
surveying traverses because it negates any 
check on their accuracy. Surveyors might mea­
sure the lengths and bearings of all traverse 
lines except one, then compute them for the 
remaining line. But any errors in the field 
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Y.gure 9-5. Illustration of missing data. 
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work are thrown into the computed bearing 
and length of the "unknown" line, so sunrey­
ors might be unaware of large mistakes made 
in the measurements. Unfortunately, this prac­
tice is sometimes followed with catastrophic 
results, if large measurement mistakes were 
made. 

Solving for missing data may be warranted 
in some cases, however. For example, suppose 
it is necessary to establish a field line between 
two points A and B through heavily wooded 
terrain, as in Figure 9-6, and neither the length 
nor direction from A to B is known. One 
possible solution would be to run a random 
line from A toward B. If it does not pass 
precisely through B (a likely prospect), com­
pute a corrected direction and rerun the line. 
This could be difficult if obstructed by trees 
and/or brush. An alternative might be to run 
a random traverse from A to B along a rela-

Figure 9-6. Illustration of missing data. 

tively clear path, then compute a length and 
direction for line AB to lay it out in the field. 
Such a random traverse is shown in Figure 9-6 
(A to D to C to B). 

Another example of effective use when 
computing missing data is partitioning land 
into separate tracts. For example, suppose 
ABCDEFGHA in Figure 9-7 has been sunreyed, 
and balanced latitudes and departures are 
known for each line. It is desired to divide this 
tract into three smaller tracts by cutoff lines H 
to C and G to D. Lengths and directions of 
these cutoff lines-to stake them in the field 
-can be ascertained by the methods pre­
sented in this section. 

Example 9-5. Suppose the scenario described 
previously to define a direction and length 
for line AB in the field is followed by 
running a random traverse along the path 
BCDA shown in Figure 9-6. Bearings com­
puted from deflection angles and the mea­
sured lengths of lines BC, CD, and DA are 
given in Table 9-5. Find the length and 
bearing of line AB. All lengths are in feet. 

Computed latitudes and departures are 
shown in Table 9-5. Equate latitude and de­
parture sums to zero. 

x + 522.75 + 735.18 + 232.21 = 0 

y - 352.82 - 60.87 + 190.29 = 0 

x = latitude of AB = -1520.14 

Y = departure of AB = 233.40 

Length of AB = V(-1520.14)2 + (233.40)2 

= 1536.47 ft 

Bearing angle of AB = arctan(223.40/1520.14) 

= 8°22' 

Since latitude is negative and departure IS 

positive, the bearing of AB is S 8°22' E. 

9-7. AREA COMPUTATIONS 

One of the reasons for running and comput­
ing closed traverses is to define areas. Land is 
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ordinarily bought and sold on a basis of cost 
per unit area. For this reason as well as many 
others, an acurate determination of a tract 
area is often necessary. 

If distances are measured in feet, area is 
generally computed in square feet. For large 
areas, particularly those related to land in the 
United States, area is commonly expressed in 
acres: 1 acre = 43,560 ft2. When distance is 
measured in meters, area is computed in 
square meters or hectares: 1 hectare = 10,000 
m2. The relationship between acres and hec­
tares is 1 hectare = 2.471 acres or 1 acre = 
0.4047 hectare. 

Table 9-5. Data for finding length and bearing of line AB 

/ 

Station Bearing Length (ft) 

A 

B 
655.75 

c 
737.70 

D 
300.22 

A 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

F 
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E 

Three means of computing traverse area 
are presented in this section: (1) the double 
meridian distance (DMD) method, (2) coordi­
nate method, and (3) the use of a planimeter. 

9-7 -1. DMD Method 
The DMD method requires that latitudes 

and departures of traverse boundary lines be 
known, as they are after a traverse has been 
checked for misclosure and balanced. 

The meridian distance of a line is the perpendicu­
lar distance from the line's midpoint to a reference 
meridian (north-south line). In Figure 9-8, FD is 

Lati tude (ft) Departure (ft) 

x y 

552.75 -352.82 

735.18 -60.87 

232.21 190.29 
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F.gure!h'l. Illustration of computation of meridian distance. 

the meridian distance of line AB, and GE the 
meridian distance of line Be. Mathematically, 
the meridian distance of Be is equal to the 
meridian distance of AB, plus half the depar­
ture of AB plus half the departure of Be. 

In order to avoid working with half­
departures, surveyors use the double meridian 
distance-i.e., twice the meridian distance-in 
making computations. Obviously, the DMD of 
Be is equal to the DMD of AB plus the 
departure of AB plus the departure of Be. 
This can be generalized to say that the DMD of 
a traverse line is equal to the DMD of the previous 
line plus the departure of the previous line plus the 
departure of the line itself. If the reference merid­
ian is moved to pass through A in Figure 9-8, 
the DMD of AB is equal to its departure. 

Summarizing the preceding discussion gives 
the following rules for computing DMDs for a 
closed traverse: 

1. The DMD of the first line is equal to the 
departure of the first line. (If the "first line" 
is chosen as the one that begins at the west­
ernmost comer, negative DMDs can be 
avoided.) 

2. The DMD of each succeeding line is equal 
to the DMD of the previous line plus the 
departure of the previous line plus the de­
parture of the line itself. 

As a means of providing a check on DMD 
computations, if departures have been bal­
anced, the last line's DMD should be equal in 



magnitude but opposite in sign to its depar­
ture. 

Once DMDs have been determined, tra­
verse area can be computed by multiplying the 
DMD of each line by its latitude, summing the 
products, and taking half the absolute value of 
the sum. This computation gives traverse area, 
but the proof is not demonstrated here. 

Example 9-6. Find the area of the closed tra­
verse of Example 9-3 by the DMD method. 

Computed DMDs and DMD X latitude 
products are shown in Table 9-6. The DMD of 
AB was set equal to the departure of AB 
( - 539.06), and the DMD of Be determined 
by adding the DMD of AB, departure of AB, 
and departure of Be, 

-539.06 - 539.06 + 159.55 = -918.57 

DMDs of remaining lines were calculated in 
the same manner. Note that the DMD of the 
last line EA (16.75) is equal in magnitude but 
opposite in sign to the departure of EA 
(-16.75). Values in the last column were ob­
tained by multiplying the latitude of each line 
by its DMD-i.e., for line AB (- 358.25) X 
(-539.06) = 193,118. 

The traverse area is 339,239/2 = 169,620 
ft2, or 3.894 acres. The minus sign indicates 
only that the DMDs were calculated by a se­
quence around the traverse in a clockwise 
direction {instead of counterclockwise}. Carry-

Table 9-6. Computation of area by DMDs 

Station Latitude (ft) Departure (ft) 

A 
-358.25 -539.06 

B 
255.12 159.55 

C 
278.53 -153.53 

D 
76.73 549.79 

E 
-252.13 -16.75 

A 
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ing out acreage beyond three decimal places is 
probably the limit, since 0.0001 acre repre­
sents 4.36 ft2. Note that in many deeds, the 
acreage stated is qualified by "more or less" 
to cover small errors only. 

A check on the calculated area can be made 
by employing double parallel distances (DPDs). 
The DPD for any traverse course is equal to 
the DPD of the previous line plus the latitude of the 
previous line plus the latitude of the line itself. (The 
DPD of the first course may be set equal to the 
latitude of the first course.) The traverse area 
can be computed by multiplying the DPD of 
each line by its departure, summing the prod­
ucts, and taking half the absolute value of the 
total. 

Standard tabular forms are available for 
computing latitudes and departures, adjusted 
latitudes and departures, DMDs and areas on 
a single sheet. 

9-7 -2. Coordinate Method 
The area of a closed traverse can be deter­

mined by this method if the coordinates of 
each corner are known. 

The computational procedure in applying 
the coordinate method is to multiply the x­
coordinate of each corner by the difference 
between adjacent y-coordinates, add the re­
sulting products, and take half the absolute 
value of the sum; y-coordinates must be taken 
in the same order when obtaining the differ-

DMD(ft) DMD X Latitude(ft2 ) 

-539.06 193,118 

-918.57 -234,346 

-912.55 -254,173 

-516.29 -39,615 

16.75 -4,223 

-339,239 
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ence between adjacent y-coordinates. This 
process can be expressed in equation form as 

A = [Xh2 - Yn) + XlY3 - YI) 

+ ... +Xn(YI - Yn-I)]j2 (9-7) 

The coordinate method may be applied by 
substituting coordinates into Equation (9-7), 
but the method is expedited by listing them in 
the following form and securing sums of the 
products of all adjacent diagonal terms taken: 
(1) down to the right, i.e., x\Y2' X 2Y3' etc., 
and (2) up to the right, i.e., Ylx2'Y2x3' etc. 

.2 X2 X3 ... ~.2 

YI Y2 Y3 Yn YI 

The traverse area is equal to half the absolute 
value of the difference between these two sums. 
In applying this procedure, note that the first 
coordinate listed must be repeated at the end 
of the list. 

Example 9-7. Find the area of the closed tra­
verse of Example 9-3 (and Example 9-4) by 
the coordinate method. 

First, list the coordinates determined in Ex­
ample 9-4 in the format indicated previously. 

2000.00 1641.75 1896.87 

1200.00 660.94 820.49 

2175.40 2252.13 2000.00 

X 666.96 1216.75 1200.00 

The sum of the products of adjacent diagonal 
terms taken down to the right 

[i.e., (2000.00)(660.94) 

+(1641.75)(820.49) + ... J 

is 9,283,530, and that of products taken up 
to the right 

[i.e., 0200.00)(1641.75) 

+ (660.94)(1896.87) + ... J = 8,944,292 

The difference between sums is 9,283,530 -
8,944,292, or 339,238. Thus, the traverse area 
is 339,238/2 = 169,619 ft 2, or 3.894 acres. 

9-7 -3. Area by Planimeter 

Applying the DMD method requires know­
ing latitudes and departures, where the coor­
dinate method needs coordinates for each 
corner. Both methods are limited to use with 
areas bounded by straight lines, but many 
parcels have some curved boundaries. For ex­
ample, one or more boundaries of a land tract 
may follow a meandering roadway or creek. 
Such curved boundaries can be converted to a 
number of small straight-line segments suit­
able for the DMD or coordinate method. 

An alternative means of finding land area 
utilizes a planimeter. Its operation does not 
require latitudes and departures, coordinates, 
or straight-line boundaries. Unlike the other 
methods, however, a scale drawing of the tract 
for which area is to be determined must be 
available. 

A planimeter (see Figure 9-9) is a mechani­
cal device that integrates area and records the 
answer as an operator traces the boundary of a 
figure with the pointer. An ordinary planime­
ter consists of two arms. One, the anchor arm, 
has a weight with a sharp point at its free end. 
The other, a scale bar, has a pointer at its free 
end. Near where the two arms join are a 
graduated drum, disk, and vernier. 

To measure the area of a tract on a scale 
drawing, the anchor point is secured at some 
convenient location on the drawing, prefer­
ably outside the area to eliminate applying a 
polar constant, and the pointer set over a 
specific traverse boundary corner. An initial 
four-digit reading is taken; the first digit is 
read from the disk, the next two from the 
drum, and the last one on the vernier. The 
operator then carefully moves the pointer 
around the traverse boundary until the start­
ing point is reached. A straightedge may be 
used to guide the pointer around the traverse, 
but ordinarily it is moved meticulously around 
the boundary freehand. At this time, another 
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n h r arm 

Figure 9-9. Mechanical planimeter. (Courtesy of Cubic Precision, K & E Electro-Optical 
Products.> 

reading is taken. The difference between ini­
tial and final readings, scaled if necessary, gives 
the traverse area. The boundary is then traced 
in the opposite direction back to the starting 
point, where the reading should be within a 
few digits in the fourth place as a check. 

Although the procedure for finding area by 
planimetering sounds simple, caution must be 
exercised if accurate results are to be ob­
tained. Since the area obtained by a planime­
ter is not necessarily an exact value (the same 
area measured twice will often yield slightly 
different results), it is good practice to trace a 
figure several times and take an average of the 
results thus obtained. It is also desirable to 
trace the figure one or more times in the 
opposite direction and average these values 
also. Unless absolutely sure of the planimeter 

scale constant, its value should be verified prior 
to determining a desired area. This can be 
accomplished easily by tracing a figure of 
known area, such as a 5-in. square drawn to 
scale by the user and the diagonals measured 
to assure exactly a 25-in.2 area. One final ad­
monition: As noted previously, the anchor 
point is preferably positioned outside the tra­
verse. If positioned inside, a polar constant 
(usually provided by the manufacturer) must 
be added. 

A mechanical planimeter is shown in Figure 
9-9. Electronic planimeters, similar in operation 
to mechanical planimeters, present results in 
digital form on a display console with the 
ability to give answers directly in units of acres 
or hectares. Figure 9-10 displays an electronic 
planimeter. 

Figure 9-10. Planix electronic planimeter. 
(Courtesy of the Lietz Co.) 
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9-8. PROGRAMMED TRAVERSE 
COMPUTATIONS 

The various traverse computations presented 
in this chapter are among the most common, 
extensive, and important ones made in survey­
ing. Practicing surveyors prepare these calcu­
lations on a daily basis. 

Many years ago, surveyors had to make such 
computations manually, using slide rules or 
trigonometric tables and logarithms. Subse­
quently, large mechanical calculators capable 
of performing addition, subtraction, multipli­
cation, and division became available, but 
trigonometric tables were still required. In 
the 1960s and 1970s, high-speed digital com­
puters and hand-held calculators, some pro­
grammable, greatly increased the surveyor's 
computational capability. In addition to mak­
ing rapid computations, both computers and 
calculators had built-in trigonometric func­
tions, so trigonometric tables were no longer 
needed. In terms of routine computations, 
subsequent advances in computer hardware 
and software continue to make life easier for 
surveyors. 

There are numerous computer programs 
available for surveyors to use in analyzing tra­
verses. For example, the program in Figure 
9-11 is written in FORTRAN and designed for 
card input, but it could easily be modified to 
another language for other kinds of input or 
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for use on microcomputers. For input, the 
program receives the length and bearing of 
each line and gives as output adjusted lengths, 
bearings, latitudes, departures, and coordi­
nates, as well as linear misclosure, precision, 
and traverse area. The program can be used 
for distances measured in either feet or me­
ters; comments at the program's beginning 
tell how input data must be arranged to utilize 
the program. 

For demonstration purposes, the computer 
program was run using input data from Exam­
ple 9-7 (lengths and bearings of a closed tra­
verse survey). Input data prepared for use in 
the program are shown in Figure 9-12. Output 
from the program, which includes answers 
found previously in Examples 9-1, 9-2, 9-3, 9-4, 
and 9-7 (the program computes the area by 
the coordinate method), is given in Figure 
9-13. Examination of this output reveals that 
the answers closely verifY those obtained by 
calculation in the examples, with some slight 
variations resulting from round-off errors in 
the manual computations. 

As a final demonstration, lengths of the 
traverse lines in Example 9-1 (used as input to 
the computer program) were converted from 
feet to meters and the program run again for 
the same traverse with lengths in meters, along 
with original bearings. Input data for this ap­
plication of the program are shown in Figure 
9-14 and output in Figure 9-15. 
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Survey Drafting 

Edward G. Zimmerman 

10-1. INTRODUCTION 

A sketch, map, or graphic display, is often the 
only visible product of a surveyor's work. 
Therefore, the importance of presenting the 
client with a nice-appearing, professionally 
done graphic product cannot be overempha­
sized. Attractiveness, accuracy of plot, legibil­
ity, and clearly imparted information are vital 
in creating a survey drafting product worthy of 
professional respect. 

Survey drafters differ from their engineer­
ing and architectural counterparts in being 
not only familiar with applying principles of 
drafting and graphics, but also able to com­
prehend survey instrumentation and methods 
of measurement. Field notes must be reduced 
and interpreted and information sources re­
searched so a drafter can construct a compre­
hensive graphic representation of actual facts 
and conditions. 

A survey drafter is a multitalented techni­
cian. He or she should have training in the 
basics of mechanical drawing and mathemati­
cal ability extending through trigonometry. 
Since much of the work prepared will origi­
nate from either a set of field notes or rough 
sketch with some penciled-in instructions, the 
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drafter needs to be familiar with fundamental 
principles of survey operations. Actual field 
experience is important in developing an 
awareness of the methods of recognizing, col­
lecting, and recording field data and will assist 
the draftsperson in translating the data into a 
finished drawing. 

Drafters do not spend all their time draw­
ing or tracing maps. Depending on the type 
and priority of workloads, survey drafters may 
also calculate and check traverse surveys, re­
duce and plot cross-section and topography 
field notes, calculate earthwork quantities, and 
prepare material estimates for construction 
projects. Often, with a smaller firm, the 
draftsperson may be assigned to field duties as 
workloads respond to seasonal fluctuations. 

10-2. SURVEY DRAWINGS 

Survey drawings fall into three general cate­
gories: (1) property and control maps reflect­
ing surveys made to establish or reestablish 
ownership lines or survey control networks; (2) 
topographic maps showing elevations, natural 
and artificial features, and form of the earth's 



surface; and (3) construction maps made to 
provide and control horizontal and vertical 
location, alignment, and configuration of con­
struction work. 

An accurate plot of survey information plus 
legibility and attractiveness determine a map's 
usefulness. Most maps show few dimensions, 
and a person using them must rely on a scale, 
protractor, or drafting machine to determine 
intermediate dimensions. Unlike mechanical 
or civil-engineering drawings, survey maps are 
irregular and not readily drawn by traditional 
"T square and triangle" methods. 

All survey drawings are made to be copied 
or reproduced. Therefore, drafters should be 
aware of the infinite variety of reproduction 
possibilities and applications available through 
graphic processes, photographic enlargement 
and reduction, and exhibit preparation. The 
quality of a finished drawing, type of repro­
duction equipment, quality of the printed 
product, and economic requirements are all 
factors influencing the choice of reproduction 
method. 

Computer-assisted drafting (CAD) is changing 
mapmaking much as electronic instrumenta­
tion is revolutionizing field surveying. Interac­
tive drafting systems, including a cathode-ray 
display tube and an automatic plotter, are 
combined with a computer for processing data 
recorded in the field on an interfaceable data 
collector. In larger agencies and companies, 
automated drafting units are fast becoming 
standard equipment. Operation of a CAD sys­
tem, such as the one shown in Figure 10-1, 
requires yet another level of training and abil­
ity in a survey drafter but will not be addressed 
in this chapter. 
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10-3. MAP SCALE 

Map scale is the term used to define the ratio 
of distances represented on a map to actual 
ground distances. When a drawing is made to 
a chosen scale, all dimensions-distance, di­
rection, and difference in elevation-will be 
in correct relationship and accurately repre­
sent the actual figure. 

The scale of a map should be indicated by 
both numerical and graphic means. Numeri­
cal scales may be either representative, in 
which one unit on the map represents a cer­
tain number of the same units on the ground 
-e.g., 1/400, 1: 400-or equivalent, in which 
a statement indicates that 1 in. on a map 
equals a whole number of feet on the ground 
-e.g., 1 in. = 4000 ft. 

Figure 10-2 shows an example of graphic 
scales. Since drawing paper may change di­
mensions over time or be distorted by repro­
duction processes, a graphic scale should be 
placed on maps to provide a constant check of 
the exact scale. 

The ranges of scales are defined as (1) large 
scale, 1 in. = 100 ft or larger; (2) medium 
scale, 1 in. = 100 to 1000 ft; and (3) small 
scale, 1 in. = 1000 ft or smaller. Table 10-1 
provides a guide in choosing the scale for a 
particular map. 

10-4. MAP DRARING 

Most maps fall into two general classifications: 
(1) those maps that show land ownership and 
become part of the public record and (2) 

Scale 1:25,000 
t 0 1 M" 

Eel~~==~~=~~E5~~E50~~E5~~E3E5=:=:~1~~~=:=-E3EE==EEEE"~~~~MftN 
'&+-3 ____ __ 

FJgUre 10-1. Typical computer-aided drafting system. (Courtesy of Hewlett-Packard Inc.) 
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Figure 10-2. Typical graphic or bar scale. 

those that show land form and are used as the 
basis for design and construction of structural 
facilities, both private and public. 

Preparation of a preliminary map or 
manuscript is the first two phases of map draft­
ing. First, the manuscript is carefully laid out, 
plotting all control lines and points with the 
utmost accuracy. This map is drawn with a 
hard-grade pencil on a high-quality drafting 
film that produces sharp and precisely located 
line work. Features comprising the final map 
should be plotted on the manuscript in the 
following sequence: (1) Layout control points 
and lines; (2) plot details; (3) compile topogra­
phy and other detail work; and (4) finish the 
map, complete with lettering and all notes. 

Table 10·1. Selection of map scales 

Type of Map and Use 

Design 
Civil improvements 
General construction 

Property/boundary 
(dependent on figure size) 

Topographic/planimetric 
Small site 
Large site 
Urban 
Regional 

Lettering and symbolization need not be of 
finished quality, just accurately located. 

Second, following checking and revisions, 
the manuscript can be placed on a "light 
table" and the final map traced in ink on a 
stable-base mylar drafting film. The preferred 
sequence is to (1) complete all the lettering, 
notes, and title and (2) finish the line work or 
topography. 

Scribing, another method of producing a 
final map, is gaining in popularity. In this 
process, lines from the manuscript are photo­
graphically transferred onto a sheet of draft­
ing film coated with an opaque surface. Using 
specially designed scribing tools, the drafter 
scrapes and cuts the coating to reproduce all 

Equivalent Representative 
(ft per in.) (ratio, 1/ ... ) 

10-50 120-600 
40-200 480-2000 

50-500 600-6000 

10-50 120-600 
40-200 480-2400 

200-1000 2400-12,000 
500-2000 6000-24,000 



the original manuscript's features and line 
work. 

10-5. DATUMS FOR MAPPING 

All measurements made by surveyors to deter­
mine and depict elevations and horizontal po­
sitions should relate to a datum of reference. 
In the 48 contiguous United States and Alaska, 
the American Datum of 1983 is used. These 
reference figures are made available through 
the state plane coordinate system of a particu­
lar state. Most states have a plane coordinate 
system based on either a Lambert conformal­
conic projection, or transverse Mercator pro­
jector system. Adopted in the 1930s, the sys­
tems use the U.S. survey foot (1 ft = 

1200/3937 m) as the standard of measure­
ment unit. 

Elevations in the United States are referred 
to a vertical datum or reference surface based 
on mean sea level-i.e., the North American 
Vertical Datum of 1988 (NAVD 88). This datum 
is determined from the average elevations of 
26 sea-level tidal stations in the United States 
and Canada. Coordinates of horizontal con­
trol stations and elevations of benchmarks 
throughout the United States are available in 
published form from the National Ocean Sur­
vey (NOS). Instructions and specifications for 
the use of both datums are also available from 
the NOS. 

10-6. TOPOGRAPHIC MAPS 

A topographic map is a graphic representation 
of a portion of the earth's surface as it existed 
on a certain date. It is drawn from field survey 
data or aerial photographs and shows, by nota­
tion or symbol, all natural or artificial land 
features, including boundaries, cities, roads, 
railroads, pipelines, electric lines, buildings, 
and vegetation. Land forms are depicted by 
contour lines. A topographic map without 
contour lines is defined as a planimetric map. 
See Figure 10-3 for a typical map. 
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10-7. TOPOGRAPHIC MAP 
CONSTRUCTION 

A topographic map should be drawn in three 
phases: (1) Develop horizontal control, pro­
ducing a framework for plotting details; (2) 
plot all points of known elevation and loca­
tions of artificial or natural features; and (3) 
construct contour lines from plotted points of 
elevation, drawing all features and symbols. 

Discussions in the following sections ad­
dress the work involved in conventional line 
drawings. The availability of photogrammetri­
cally based plotting systems makes production 
of larger topographic maps by automated 
equipment more economical. Most large sur­
veying and engineering firms and agencies use 
this method. Automated drafting will be cov­
ered in later sections. 

10-7 - 1. PloHing Control 

Control points and lines for topographic as 
well as other survey maps can be plotted by 
one of several methods. The selection of which 
method to use is guided by the field survey 
format and form in which field information is 
forwarded to the drafter. 

A traverse or control survey can be plotted 
by laying out a series of angles and scaled 
lines. Angles are plotted by a drafting ma­
chine, protractor, or coordinates, or con­
structed by methods described in Section 
10-7-5. 

10-7-2. Drafting Machine 

A drafting machine combines all the func­
tions of a straightedge, triangle, scale, and 
protractor in one convenient unit (Figure 10-
4). It is constructed so that any movement of 
the machine head is in a parallel motion, but 
the horizontal and vertical scales retain an 
initial base-line orientation, ready for use at 
every position on a drawing. The protractor 
and vernier scale allow the ruling scales to be 
rotated to any desired angular value, usually 
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II 

LATITUDE 

F"JgUft 10-3. Portion of typical topography map. 

within ± 1 min for either angle construction 
or instrument orientation. 

10-7 -3. Protractor 

Protractors are a tool vital to mapping and 
topographical plotting work, and are available 
in several configurations (Figure 10-5). Most 
are graduated in half-degree increments and 
vary in size from 4- to 10-in. diameters. To use, 
simply align the protractor base and center 
mark with a base line and angle point. then 
scale the required angle on the protractor's 
periphery. Although quick and convenient to 

"'''"'--........ ,. 
weI"" II lilt, IR,'I' .... r ... ro_ I •• , 

use, protractors are not accurate enough for 
plotting precise control networks. 

10-7 -4. Coordinates 

Plotting by coordinates is a simple and ac­
curate method, although it requires that 1 all 
information be coordinated and an accurately 
gridded base map used for plotting. An accu­
rate grid pattern is laid out at an appropriate 
scale with squares having an even dimension, 
say, 100, 500, or 1000 ft. Label each x and y 
line with its grid value to avoid plotting 
blunders. 



By scaling from the appropriate x and y 
line, each point can be plotted to an accuracy 
of 0.01 to 0.02 in. Each point is marked by a 
small circle and connected with straight lines 
to outline the figure. After plotting, measure 
the bearing and distance between plotted 
points to check plotting accuracy and detect 
any blunders. Every point is plotted indepen­
dently of the others so compounding plotting 
errors cannot occur. 

10-7 -5. Altemote Methods of 
PloHing Angles 

Tangent Method 

This method consists of extending the back 
tangent a scaled number of units beyond a 
point. The length of extension times the natu­
ral tangent of the angle to be constructed 
yields an offset distance, which is then scaled 
along a perpendicular erected at the end of 
the extension (Figure 10-6). 

Chord Method 

This method is similar to the tangent pro­
cedure except that a tangent arc is struck, 
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Figure 10-4. Drafting machine and table. 
(Courtesy of Alvin & Co., Inc.) 

rather than a perpendicular. The chord dis­
tance for the angle to be plotted is calculated 
and scaled along the arc (Figure 10-7). 

10-7 -6. PloHing Details 
Although details need not be plotted with 

the same accuracy as control points, objects 
must be placed on the map within allowable 
error standards. The choice of plotting meth­
ods for details depends on field procedures 
for gathering the information. For example, if 
topography was obtained by a radiation survey, 
then details should be plotted with a drafting 
machine or protractor and scale. If a survey 
was made by the checkerboard method, a grid 
constructed on the map sheet is used to plot 
details. Surveys from a total station can be 
plotted by radiation or coordinates. 

10-7 -7 . Characteristics of 
Contours 

For proper delineation and interpretation 
of a topographic map, it is important for a 
drafter to be familiar with the nature of con­
tour lines, as shown in Figure 10-8. Their 
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Grid Compass Nautical Protractor Circular Compass Protractor 

Combination Circular Protractor Isometric Protractor 

Academic Circular Protractor Academic Protractors 

FJgUre 10-5. Surveying engineering protractors. (Courtesy of Alvin & Co .. Inc.) 

principal characteristics are as follows: 

1. Contour lines spaced closed together repre­
sent steeper slopes; lines farther apart indi­
cate a gentler slope. 

2. Unifonn spacing of lines represents a uni­
fonn, even slope. 

3. Mounds or depressions are portrayed by 
closed contour lines. Depression contours 

will ha-:e inward-facing, radial tick marks to 
avoid confusion. 

4. Contour lines always close. 

5. Contour lines never cross or merge into 
each other, except, e.g., in the case of over­
hanging rock ledges. 

6. Contour lines are perpendicular to the di­
rection of the represented slope. 



Previously 
Plotted 

Point 
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Point for 
Alignment ....... 

..... "-]r'" 

Convenient Number 
of Units 

TAN Measured Angle X Number of Units - Plotting Offset. 

Figure 10-6. Construct angle: Tangent method. 

Previously 
Plotted 

Point 

Point for 
Alignment 

~ 

Measured Distance 
{and/or Radius 

Measured 
Angle 

~,~ ...... ~,~"' .......... " ~ ...... ~~' ...... "''''''w.''''_.' ... w.'W.''w··;I·~'··'·· 
Convenient Number 

of Units 

Measured Angle. Central Angle of Arc. 
Chord. 28 X SIN 112 Central Angle. 

Figure 10-7. Construct angle: Chord method. 
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Lines Further Apart 
(Gentler Slope) / 

Figure 10-8. Characteristics of contours. 

10-7 -8. PloHing Contours 
When detail plotting is completed, the map 

sheet will show' planimetric detail and eleva­
tions of pertinent points. The drafter's next 
operation is to draw contour lines, guided by 
previously plotted elevations. A contour line 
represents an even unit of elevation, generally 
in multiples of 1, 2, 5, 10, 20, 50, or 100 ft. 
Selection of a contour interval depends on 
map scale, details to be presented, and severity 
of the terrain being mapped. Table 10-2 shows 
suggested contour intervals. Contour lines are 
drawn only for those elevations divisible by the 
contour interval. 

203 

/ 
Each line is sketched freehand, using 

smooth flowing curves at direction changes to 
more nearly represent a natural formation. 
Every fifth line should be drawn heavier and 
numbered with the elevation. When a fairly 
level area is depicted, it is advisable to number 
all contour lines. 

10-7 -9. Drawing Contours by 
Interpolation 

Interpolation is a procedure to locate con­
tour lines in their correct proportional posi­
tion between adjacent points of elevation. This 
is done by assuming the terrain's slope be-
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Table 10-2. Selection of contour interval 

Use of Topographic Map 
Equivalent Scale 

(ft per in.) 
Contour Interval 

(in ft) 

Smaller sites 
Larger sites 
Urban 
Regional 

tween any two elevations is constant, and 
therefore, intervals in elevation will translate 
to horizontal distances. As illustrated in Figure 
10-9, a drafter can accomplish this in one of 
several ways: 

1. Estimation. An experienced topographer can 
make mental calculations as well as estimate 
positions of the lines. 

2. Direct calculation. Measure the intervening 
horizontal distance and proportion the cor­
rect position for each line. 

3. Mechanical intnpolation. A rubberband 
marked with a uniform series of marks can 
be stretched to find the correct interval for 
each line. Also, spacing dividers can be used 
to proportion contour lines. This drafting 
instrument is constructed with 11 legs ar­
ranged to subdivide a distance spanned into 
equal parts. 

4. Graphic. A transparent piece of drafting film 
with converging lines, as shown in Figure 
10-10, can be pivoted between points of 
elevation to find correctly proportioned 
positions. 

10-7-10. Topographic License 
Engineering is tempered with art to create 

a contour map convening the natural appear­
ance of land forms to the map viewer. Map­
ping art is defined as using discretion and 
judgment in expressive placement of lines be­
tween control points, which reflect locations 
determined by engineering methodology. To­
pographic license is a drafting talent that can 
be attained by only a proper combination of 
field experience, drawing practice, and train­
ing. 

10-50 
40-200 

200-1000 
500-2000 

1-5 
1-10 
2-20 
5-100 

10-8. CONSTRUCTION MAPS 

Maps of this type can vary from a simple plot 
plan for a residence to a major engineering 
project, such as a dam or freeway, and maps 
assisting civil engineers in project design. 
There are as many different layouts for con­
struction maps as there are for other types of 
maps; however, all types have a title, typical 
scale, lettering and symbols, or other recog­
nized guidelines. 

10-8-1. Earthwork Cross 
Sections 

Cross sections are generally used for design 
purposes and to prepare estimates for earth­
work projects. They are easily plotted on 
preprinted paper having I-in. grids divided 
into O.l-in. increments (see Figure 10-11). Cross 
sections can be plotted from field books or 
scaled from contour maps. 

When working with field notes, plot sec­
tions in a vertical column, using the same 
stationing sequence shown in the notes. Also, 
follow the indicated right/left placement. Ver­
tical plotting scale should be at least four times 
as large as horizontal scale to exaggerate and 
achieve useful vertical separation within each 
section. When cross sections are scaled from a 
topographic map, draw the center or base 
line, mark full stations on it, and layout cross­
section lines at each station. Scale along every 
cross-section line, noting distances where these 
lines cross a contour, then plot the distance 
out and elevation as though they came from a 
field book. 

Cross sections with lines plotted on them 
representing finished grade become closed 
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MATHEMATICAL RELATIONSHIP: 

Horiz. Dist. = 42-ft 6.5-ft 0.65-ft 
Vert. Ditt. = 6.5-ft= --r:tr= 0.1-ft 

ELEVATIONS 

6.5-ft I 6.S-ft I 6.S-ft I 6.5-ft 

334.3 

I 6.5-ft V 

6.5 
-ft 

1.3-ft 2.0-ft 

I. 42-ft -----------I.~I 
A. Mathematical Calculation Method. I 

ACTUALUNE 
ELEVATIONS 

50 

Whole Scale Divisions 

0.7 Scale Division 

B. Proportionate Triangles Method.1 

Figure 10-9. Interpolation of contour intervals. 

figures, so their areas can be determined by 
computation, planimetering, and other meth­
ods. Additional computations by the average­
end-area method produce reasonably accurate 
volumes of a series of adjoining sections. A 
plot of this type should also include field-book 
references, referrals to the surveyor's vertical 
and horizontal control data, and scale. 

Line rotated to achieve 
same numerical horiz. 
and vert. intervals. 

10-8-2. Plan and Profile Maps 

This type of map-drawn to depict details 
of linear-type construction projects, such as 
streets and highways, railroads, and pipelines 
-is used by builders to guide them in con­
struction. As shown in Figure 10-12, the plan 
portion of the drawing is the horizontal layout 



F.gure 10-10. Clear plastic interpolator (may be rotated 
to fit the distance between two controlling points of eleva­
tion). 

of the project, the profile view shows the verti­
cal plane or grade information. Either 
preprinted paper or mylar sheets can be used. 
Generally, the sheet's top half is blank for a 
plan view, and the bottom half ruled for a 
profile view. Preruled lines facilitate rapid and 
accurate plotting of vertical features, such as 
flow lines of pipes, grade lines of highways, 
and natural ground profiles. The following 
items should be included on a plan and pro­
file map: 

1. Basis of stations (usually on centerline) 

2. Vertical datum and available bench marks 

3. Centerline alignment and control informa­
tion 

4. Lengths and widths of all features 

5. Underground structural details 

6. Construction notes pertaining to required 
materials and methods 
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The plan view portion is drawn by tracing 
previously plotted control maps or plotting 
survey data from field books or maps. Features 
of the project are clearly outlined, along with 
survey control and dimensional information 
sufficient for construction layout. Topographic 
features and contour lines are sometimes in­
cluded to give further information for estimat­
ing and layout purposes. 

Profile views include a natural ground line 
drawn along the project centerline and also 
grade lines with slope percentages for project 
features. Grades for aboveground construction 
are shown for the tops of finished surfaces, but 
underground grades control the structure's 
invert. 

10-8-3. Site or Grading Plans 

In contrast to plan and profile maps depict­
ing long narrow strips of development, a site 
plan represents multisided figures showing 
parking lots, buildings, shopping centers, etc. 
This variety of map is drawn as a plan view but 
must have sufficient elevation information to 
enable the designer, estimator, and builder to 
complete their work. Site plans are developed 
from boundary and topographic surveys and 
must reflect proper design criteria conforming 
to local agency standards covering drainage, 
ingress and egress, etc. (see Figure 10-13). 

Generally, a site or grading plan is pre­
pared in two stages: (1) a preliminary map 
showing topography and boundary informa­
tion for use by the engineer to create and 
finalize his or her design and (2) the final map 
reflecting completed design information and 
employed to actually construct the project. 

10-8-4. As-Built Maps 

At the conclusion of construction projects, 
as.fntilt field surveys are made to locate all 
features of the project. Rarely is a project 
completed without making "field adjustments" 
or modifications to the original design. The 
survey map can usually be made by highlight-
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7 ---
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Figure 10-11. Cross-section plot. Grid lines have been 
omitted for clarity. 

ing or superimposing the changes on a copy 
of the original construction plans. 

The map should show any changes or mod­
ifications to the original project design, in­
cluding notations, locations, and dimensions, 
and referencing to the primary survey control 
system. To avoid confusion, as-built maps 
should be clearly designated as such. In future 
engineering relative to the completed project, 
they will become a permanent and useful in­
formation source. 

10-9. BOUNDARY MAPS 

A boundary map is drawn to depict ownership 
facts disclosed by research from public records 

.' ... 10' · 

'"'' UlJ -- -.1 

II -- -- 100 ' 

'1~~' 
.r 

so ' 

" 
Figure 10-12. Portion of a plan and profile map. 

and/ or field surveys. They usually delineate 
currently owned parcels and parcels being 
created for future sales. When relatively large 
portions of the earth are shown, boundary 
maps are sometimes called cadastral maps. 

10-9-1. Subdivision Maps 

Subdivision maps portray a tract of land 
that has been divided into several smaller 
parcels. The effect of the map, when made 
part of the public record, creates a basis of 
ownership for each individual parcel of lot as 
it is sold. A typical subdivision map is shown in 
Figure lO-14; however, maps of this type may 
vary in conformance to local agency require­
ments. 

Subdivision maps are best traced in ink on 
mylar from a preliminary map that has been 
plotted by coordinates. Information shown on 
these maps should include (1) the scale, (2) 
survey data references, (3) ownership and title 
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Figure 10-13. Typical site plan. 

data, and (4) zoning and other regulatory 
statements. 

10-9-2. Parcel Maps 

This map is similar in format and purpose 
to a subdivision map, but is intended for ei­
ther a combined or single parcel of land. It 
must also conform to local regulations and is 
drawn in the same format as a subdivision map 
(see Figure 10-15). 

10-9-3. Record of Survey 

A record of survey map generally does not 
show a transfer of property. It is intended to 
show a survey performed and then made part 
of the public record. This map, although simi­
lar to those described in the preceding sec­
tions, does not have to conform to the same 
regulatory requirements (see Figure 10-16). 
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10-10. INFORMATION SHOWN ON 
MAPS 

Information provided on survey maps obvi­
ously varies, depending on their purpose. 
However, some important items are required 
on all surveying and engineering maps and 
are discussed in this section. 

10- 10- 1. Scales 

Map scale should be indicated both as a 
statement-e.g., I in. = 400 ft-and shown 
graphically. It should be placed on the map 
for quick location by the viewer, preferably 
close to the title block. See the example in 
Figure 10-17. 

10-10-2. Meridian Arrows 

If at all possible, the top edge of a map 
should represent north, but configuration or 
size may require a different orientation for the 
drawing. Regardless of the figure's position, 
the basis of the map's reference meridian is 
indicated by a stylized arrow or arrows such 
as shown in Figure 10-18. The true meridian 
is defined by a full arrow and other meridians 
-grid, magnetic, etc. -can be identified with 
a half arrow and letter designation. It is advis­
able to show angular difference (rotation) be­
tween two or more meridians. 

10-10-3. Lettering 

Survey drawings can be lettered in two dif­
ferent styles, the choice generally determined 
by their prospective use. For professional ap­
pearance, the lettering style and methods used 
on a map should be consistent throughout the 
entire drawing. Single-stroke Reinhardt-style 
machine-guided lettering is used for drawings 
intended to remain in the office or be used 
strictly by other surveyors or engineers. Maps 
produced for or utilized by the general public 
can be lettered freehand, using either Rein-
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Figure 10-14, Portion of a typical subdivision map. (Courtesy of Timothy S. Train.) 

hardt letters or any attractive style that can be 
produced speedily and consistently (see Figure 
10-19 for examples), 

Adhesive-backed film transfer media can be 
typed on, cut out, and pasted on a drawing, 
This process is particularly time-saving for 
tables or lengthy statements on a map, A ma­
chine that prints a wide variety of fonts and 

sizes on opaque or transparent adhesive­
backed tape is shown in Figure 10-20. 

10-10-4. Titles 

The purpose of a title is to identify the 
drawing and thus provide information for in­
dexing. It may be neatly lettered freehand, 
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mechanically lettered, or preprinted commer­
cially on standard size drawing sheets. 

To be esthetically pleasing, a title block may 
be placed anywhere on the map sheet, but is 
ordinarily located in the lower right-hand cor­
ner. Care should be taken to keep the title 

block size symmetrical and in proper propor­
tion to the map size. Use conventional letter­
ing with variations in weight and size to em­
phasize important parts of the title. 

Elements of a title block include (1) name 
of the firm or agency, (2) type of map, (3) 
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CALIFORNIA 
r--

SCALE: 1"=40· 

LAND SURVEYOR FJgUre 10-17. Statement of scale 
placed on map. (Courtesy of Timo­
thy S. Train.) 

indexing information, (4) name and location 
of the project, (5) scale and contour interval, 
(6) names of key personnel responsible for the 
map, and (7) map completion date (see Figure 
10-21). It is common practice for most firms 
and agencies to use preprinted map sheets 
with frames and title blocks in a standard 
format and location. All the drafter need do is 
fill in the blank spaces. 

10-10-5. Notes and Legends 

Notes are placed on a map to provide ex­
planations for special features unique to it. 
They should be brief yet impart adequate in­
formation to preclude misinterpretation. In­
formation contained in notes should refer to 
items such as (1) project basis of bearings, (2) 
datums of both horizontal and vertical con-
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Ftgore 10-18. Several examples of meridian arrows. 
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Figure 10-19. General lettering examples. (a) Vertical 
single-stroke Gothic capitals, and numerals. (b) Inclined 
single-stroke Gothic. 

trol, and (3) references to old maps or data 
referred to in compiling the map. 

A legend provides the key to symbols repre­
senting topographic or other features that 
otherwise would require lengthy or repetitive 
explanatory notes. Notes and legends should 
be located in close proximity to the title to aid 
the viewer in quickly locating them (see 
Figure 10-22 for an example). 

10-10-6. Symbols 

Because it is not possible to show all fea­
tures on a small map, many can be repre­
sented by symbols. Several hundred standard 
symbols have been developed to represent to­
pographic and other features unique to sur­
veying. A few of these are shown in Figure 
10-23 and inside the back cover. Employing 
symbols permits plotting many features in their 
correct locations without hopelessly crowding 
the map. Accurate positions of the features are 
plotted and a representative symbol drawn or 
conveniently cut from a preprinted sheet of 
adhesive-backed material and simply pasted on 
the map. 

10-11. MAP PLACEMENT 

A map's pleasing appearance helps to inspire 
confidence and dependability in the user's 
mind. Nothing detracts more from an other­
wise acceptable product than omission of a 
heavy line border, and/or an out-of-balance 
placement of a drawing. Generally, a I-in. 
margin is used on all four sides, although a 
2-in. space may be necessary on the left edge if 
a number of sheets are to be bound together 
or hung on a rack. The title block is usually 
integrated with the lower right-hand corner 
border lines. 

To properly place and fit a traverse and 
topographic details on a map sheet, first com­
pute the maximum total of N-S latitudes and 
E-W departures. For a 24 X 30-in. sheet with 
I-in. margins on three sides, and 2 in. on the 
left edge, the available mapping space is 22 X 
27 in. 

Assume that the total of the largest N-S 
latitudes is 1280 ft and for the E-W departures 
is 1810 ft. The largest scale possible is 1280/22 
or 1 in. = 58 ft in the N-S direction and 
1810/27 or 1 in. = 67 ft in the E-W space. 
Rounding off to a usable multiple of 10, 1 
in. = 80 ft fits a standard scale. 

Having the most westerly, northern, and 
southern stations (or topographic details) at 
the same distance from the borders produces 
an orderly appearance. The title box in the 
lower right-hand corner and any special notes 
placed directly over it will counterbalance the 
"weight" of the traverse and details. Special 
symbols, if any, are located above the notes. 
This arrangement enables a map user to 
quickly select the desired map by title and 
then check for special information before 
moving on to the drawing. 

Placing the north arrow near the top right­
hand side of the sheet also helps to balance it. 
Maps are read from the bottom or right-hand 
side, so the meridian is generally parallel with 
the right-hand border. On maps that are not 
required to match others on one or more 
sides, the meridian can be rotated to accom-



Suruey Drafting 199 

Helvetica MaC\fiI 

ABCDEFGHIJKLMNOPQRSTUV 
WXYZ abcdefghijklmnopqrstuv 
wxyz 0123456789 .,?!& ""() '-: / # 
%$£+-X+=+O; 0-' °··· .. 

Figure 10-20. Kroy 190 § Lettering System and typical text. (Courtesy of KROY Inc.) 

TOPOGRAPHIC 5URVE'Y 

BLOCKS BOUNDED BY Q.R.21-'~('()23RD STREETS 
CITY Of SACRAMENTO, CALIFORNIA 

DeCEMBER, 1978 SCALE: \" ~ 20' 

5HEET I Of 2. SHEETS 
lIMOTH'r' 5. TRAIN - LAND SUR.VE'r'OR 

Figure 10-21. Typical title block for map. (Courtesy of Timothy S. Train.) 
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NOTE§. 
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CERTIFICATE OF COMPLIANCE RECORDED 
11.1 6001( 8'"0129, OFFICIAL RECORDS,AT 
PAGE 578. 

2. PROPERTY DESCRIBeD AS PARCEL B, IN 
CERTIFICATE OF COMPLIANce RECORDED 
IN BOOK 86012.9, OFFICIAL RECORDS, 
AT PAGE 578. 

F'lgure 10-22, Typical map notes and legend. (Courtesy 
of Timothy S. Train.) 

modate an odd-shaped figure and/or to have 
property, street, or traverse lines parallel with 
the border. 

Preparing a scaled sketch map on tracing 
paper to outline the most distant features is 
often desirable. The sketch can then be shifted 
and rotated on the final map sheet, assuring 
good positioning. 

10-12. DRAFTING MATERIALS 

Three choices of drafting media are available 
for today's survey drafter: (1) paper, (2) cloth, 
and (3) film. Sufficient differences exist be­
tween and within each medium to allow the 
draftsperson a wide choice of material to fit 
the requirements of any drafting application. 

10-12-1. Paper 
Drafting papers are manufactured in a wide 

selection. They are classified by strength, 
longevity, and erasability, and are categorized 
as opaque (drawing) or transparent (tracing) 
paper. For sketching single-use exhibits, or for 
a high-quality map, opaque paper is virtually 
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more lanes wide • LAN"" LAND 
Hard surface, medium duly road: Two lanes 

wide; Threa lanes wide ,. LAN"" 
Buildinas _________ _ 

RAILROADS 
Siand.rd aaule ______ S_in,,_._It_Kk_ ~ 

N.rrow eaule _______ ~_~ ~ 

In slreel _______ ======== 
Carline ________ ~~_ 

BOUNDARIES 
Nation.1 ~_:_~~_ 

Siale (with monumenl} _________ _ 

Counly ______ _ 

Counly subdivision ___ _ 
Corporale limils __________________ _ 

Improved liahl duly road, slreel ___ _ 

Unimproved dirt rOld _______ ========== 

Trail __________ _ 

Roule markers: Feder.l; SI.le ____ _ se 
Barns, sheds, a"enhouses, sladiums, elc. __ 

Bench mark, monumented ______ _ 

D ~ 
aM X7t2 

Bench mark, non·monumenled _____ _ X.31 

Spol etev.lions in feel: Checked; Unchecked _ ./A ·'N 

Woods or brushwood ___ _ 

Vineyard; Orchard _______ _ 

Inlermillenllake ________ { 

Intermillent slream; Dam _____ _ 

,~arsh or swamp _ ___ aLUE 

Milillry reservalion ____ ;::ee.;:M.Mi:Jtir; Rapids; raUs ---------
Olher reservation ______ . __ . -- Laree rapids; Llree 1.115 _______ L._......I...;;....~ 

Figure 10-23. Sampler of symbols. 



ignored. Transparent papers have wide appli­
cations as tracing paper on which a master 
drawing is to be produced; after checking and 
revision, it is used in reproduction processes 
to provide any number of copies. In addition 
to good actinic transparency, a high-quality 
tracing paper must withstand repeated han­
dling and have a high degree of permanence. 

10-12-2. Cloth 
Cloth or "linen" combines features of 

transparency, surface quality, strength, and 
permanence. This medium resists repeated 
erasures, with little or no loss in surface qual­
ity. Linen provides a highly receptive surface 
for pencil, ink, and typing. Ink erasures can be 
made with a vinyl eraser or a gentle abrasive, 
such as Bon-Ami, and then wiped clean with a 
moist cloth. Although the advantages of cloth 
outweigh those of paper, it is generally not 
used for economic reasons except to meet a 
particular project specification or application. 

10-12-3. Film 
The advantages of a polyester drafting 

medium include high transparency, dimen­
sional stability, and resistance to tearing, heat, 
and aging. In addition, it is waterproof, highly 
receptive to pencil, ink, typewriting, and paste­
up processes, easily erased, and can be coated 
with an opaque material for use in scribing. 

Recognizing the time and expenses accu­
mulated in any survey project, we see that it is 
advisable to invest in the slightly more costly 
best-quality medium to guarantee excellent 
appearance and the highest permanence of 
survey drawings. 

10-13. REPRODUCTION OF MAPS 
AND DRAWINGS 

Two distinct processes are used for reproduc­
tion purposes: (1) copying or (2) duplicating. 
Copy machines are suitable for either line or 
pictorial work, but they operate at relatively 
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slow speeds; hence, cost per copy is accord­
ingly high. 

By comparison, duplicating machines are 
designed to produce large numbers of copies 
at high speed, resulting in a lower cost per 
copy. Offset presses and stencil machines are 
examples of duplicating processes. Although 
in some instances these machines can be em­
ployed in combination with a copy process, 
reproduction requirements dictated by survey 
drawings are best met by one of the various 
copying procedures. Therefore, duplication 
processes will not be addressed in this text. 

10-13-1. Copying Processes 
Diazo, photographic, and electrostatic are 

the most popular types of copy processes. At 
one time, "blueprinting" was the most popu­
lar method, but it has now been largely re­
placed by the diazo process. 

A complete line of reproduction and copy 
services is available from companies that spe­
cialize in this work. If volume warrants, a 
survey firm might consider the convenience 
afforded by using an in-house reproduction 
unit. Many small diazo units are available, as 
are limited-format copy cameras that do not 
require darkroom development processes. 

10-13-2. Diazo 
In this process, paper coated with diazo­

nium salt is exposed to light that has passed 
through a transparent original. The exposed 
sheet is then developed by exposure to an 
alkaline-based solution such as ammonia. 
Where light has passed through the tracing, 
the diazonium salt breaks down, leaving a 
blank area on the print; on remaining areas 
not exposed to light, the salts and ammonia 
combine to produce an opaque dye, leaving 
an image of the original tracing lines. This 
image is not absolutely permanent, will fade 
when exposed to sunlight, and the exposed 
paper does not have very good drafting quali­
ties. A positive original produces a positive 
copy and likewise a negative tracing will yield 
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a negative copy. A diazo copy is a high­
contrast image with fine detail and ideal for 
document reproduction. 

10-13-3. Photographic 

This process consists of using a precise cam­
era to photograph an original document or 
drawing. The exposed copy film is developed 
into a negative from which a variety of prints 
can be made. A copy camera is usually 
mounted on a track along with a vacuum-frame 
copy board to hold the document being 
copied. The camera has a large format and is 
equipped with a high-quality lens. The copy 
board is movable relative to the camera, allow­
ing a wide latitude of reduction of enlarge­
ment possibilities. 

Film and paper prints, both positive or neg­
ative, clear or matte film positives, and a pho­
tographic negative are products available 
through this process. Film prints are provided 
on a stable-based material that is also a high­
quality drafting surface. This process yields the 
most accurate and versatile product, but it is 
also the most expensive; a large, complex cam­
era and darkroom facilities are required. 

10-13-4. Electrostatic 

This process, also known as xerography, de­
pends on an electrostatically charged alu­
minum drum to deposit powder onto copy 
paper. The drum is given a positive charge 
that is partially dissipated by light reflected 
from the document to be copied. The charge 
portion remaining attracts negatively charged 
powder, creating an intermediate image on 
the drum. Copy paper with a negative charge 
is brought into contact with a drum that trans­
fers the image onto the paper, which is then 
fixed or permanently fused into the paper by 
heat. 

Electrostatic copy machines require no 
chemical processing, so a dry finished copy is 
obtained in very few seconds. The more ex­
pensive machines have lens systems capable of 
reducing and enlarging originals. Copies can 

be made on virtually any type of paper, includ­
ing plain paper, offset masters, and transpar­
ent paper or film. Recently developed ma­
chines are capable of producing full-color 
copies. 

Proper selection of a copy procedure should 
be based on intended use, availability, and 
permanence. Consideration should also be 
given to the cost and time required to pro­
duce a copy. 

10-14. AUTOMATED DRAFTING 

CAD is transforming mapmaking much as 
electronic instrumentation is revolutionizing 
field surveying. Interactive drafting systems in­
clude a cathode-ray display tube and auto­
matic plotter, and are driven by a computer to 
process field data. Digital information is 
recorded in the field on an electronic data 
collector that interfaces with the CAD system. 
This system is fast becoming standard equip­
ment in larger agencies and companies. 

Advantages offered by various automated 
machines now available are many: Human er­
ror is all but eliminated, production is greatly 
increased by the obvious speed advantages, 
and a consistent and accurate map product 
results. Once a map has been complied from 
information input on type or magnetic disk, 
some or all of the data may be used on future 
projects. For example, initial data from a topo­
graphic/boundary survey can be stored and 
later retrieved to make earthwork estimates, 
develop a site/grading plan, produce a 
boundary map, and compile an as-built map. 

State-of-the-art survey instrumentation col­
lects huge quantities of information on tape or 
other data-storage devices. This information in 
the x, y, and z dimensions can be channeled 
into a computer to produce a digitized terrain 
model. The model, in turn, is fed to an auto­
mated drafter, which automatically turns out a 
map in preselected format and specifications 
by the computer operator. 



10-15. SOURCES OF MAPPING 
ERRORS 

Mapping errors can generally be traced to the 
following sources: 

1. Inaccurate linework from use of a blunt or 
too-soft pencil 

2. Inaccurate angular plotting with a protrac­
tor 

3. Inaccurate linear plotting with the scale 

4. Selection of mapping scale or contour inter­
val unsuitable for map requirements 

5. Drafting media affected by moisture or cli­
matological change 

10-16. MISTAKES AND BLUNDERS 

Blunders differ from errors and result from 
carelessness and poor judgment. The follow­
ing are a few examples of mistakes: 

1. Poor linework or lettering, creating ambigu­
ities 

2. Using the wrong scale 
3. Setting incorrect angles on a drafting ma-

chine or protractor 

4. Misinterpretation of field notes 

5. Misorientation in all or portion of a plot 

6. Inappropriate choice of drafting media 

10-17. MAPPING STANDARDS AND 
SPECIFICA nONS 

Federal mapping agencies have adopted stan­
dards to control expected map accuracy by 
specifYing the maximum error permitted in 
horizontal positions and elevations shown on 
maps. A map conforming to these specifica-

Survey Drafting 203 

tions can use the statement, "This map com­
plies with national map accuracy standards." 

The mapping standards state that the fol­
lowing maximum errors are permitted on 
maps: 

Horizontal Accuracy 

For maps at scales larger than 1: 20,000 
(I in. = 1667 ft), not more than 10% of the 
well-defined points tested shall have a plotting 
error in excess of 1/30 in. For maps of smaller 
scales, the error factor is 1/50 in. Well-defined 
points are characterized as easily located in 
the field and capable of being plotted to within 
0.01 in. 

Vertical Accuracy 

No more than 10% of elevations tested 
shall be in error more than one-half the con­
tour interval. 
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11 
Triangulation 

M. Louis Shafer 

11-1. INTRODUCTION 

Triangulation is the surveying technique in 
which unknown distances between stations may 
be determined by trigonometric applications 
of a triangle or triangles. In triangulation, one 
side called the baseline and at least two inte­
rior angles of the triangle must be measured. 
When all three interior angles are measured, 
accuracy of the calculated distances is in­
creased and a check provided against any 
measurement error. 

The most basic use of triangulation can be 
found in surveys of the public domain. Al­
though the use of electronic measuring instru­
ments has eliminated most requirements for 
this type of triangulation, the 1973 Manual of 
Surveying Instructions made the following state­
ment: 

Triangulation may be used in measuring dis­
tances across water or over precipitous slopes. 
The measured base should be laid out so as to 
adopt the best possible geometric proportions of 
the sides and angles of the triangle. If it is 
necessary to determine the value of an angle 
with a precision of less than the least reading of 
the vernier, the method of repetition should be 
employed. 
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A complete record of the measurement of 
the base, the determination of the angles, the 
location and direction of the sides, and other 
essential details is entered in the field tables, 
together with a small diagram to represent the 
triangulation. In the longer and more important 
triangulations, all of the stations should be occu­
pied, if possible, and the angles should be re­
peated and checked to a satisfactory closure; the 
latter may be kept within 0'20" by careful use of 
the one-minute transit. 

In line practice the chainmen are frequently 
sent through for taped measurement over ex­
tremely difficult terrain, but with the length of 
the interval verified by triangulation. This is done 
to ensure the most exact determination of the 
length of the line while also noting the interven­
ing topographic data. I 

The use of triangulation or trigonometry has 
been addressed by various public-land survey 
instructions since "Instructions for Deputy 
Surveyors, E. Tiffin, Surveyor General, United 
States, 1815" for ascertaining distances across 
"insuperable obstacles" such as rivers and 
canyons. If it is necessary to retrace an original 
survey across such obstacles, the original field 
notes are essential to determine how the dis­
tance was measured. The following table is an 
example of public-land survey field notes for 



triangulation across a lake: 

Field Record 

54°29' 
At A -- = 18°09'40"( -02") 

3 

245°13' 
At B -- = 81°44'20"( -09") 

3 

240°19' 80°06'20"( -09") 
At e -- = -:-::-=::=::-::-;'~::::7 

3 180°00'20"( -20") 

sin 80·06'11" 
Dist. = 16.427. ° '38" sm 1809 

log 16.427 
" sin 80°06'11" 

" sin 18°09'38" 

51.92 
+27.80 

79.72 

= 1.215558 
= 9.993488 

1.209046 

= 9.493710 

= 1.715336 

Chains 

27.80 

79.72 

11-2. GEODETIC TRIANGULATION 

A wider spread and intricate application of 
triangulation are used for the horizontal con­
trol required over a vast area, when traversing 
does not provide the high uniform accuracy 
desired. A geodetic triangulation survey, in 
which stations are miles apart, must consider 
the earth's size and shape. It is performed 
primarily by the National Geodetic Survey 
(NGS) (formerly the U.S. Coast and Geodetic 
Survey, a branch of the U.S. Department of 
Commerce). Over the past two centuries, a net 
of triangulation stations, related to each other, 
has been developed over the entire continen-
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Final Field Notes 

To the south shore of Grand Lake, bears N 62" E 
and S 48° W. Set an iron post, 3 ft long, 1 in. in 
diam., 28 in. in the ground, for meander cor. of 
frac. secs. 13 and 18, with brass cap marked. To 
make a triangulation across the lake, I designate 
the above meander cor. point A and set a flag B 
at point for meander cor. on north shore of lake, 
also a flag e on the north shore that from point 
A bears N 18°09'38" E; the base Be bears S 
81°44'11" E, 16.427 chs. dist., the mean by two 
sets of chainmen, by 1st set = 16.425 ch, by 2nd 
set = 16.429 ch, longer base impracticable; the 
angle subtended at point e = 80°06'11"; all 
angles by three repetitions with error of 0'20" 
balanced to 180°. Distance across lake = 51.92 
ch. 

The north shore oflake, bears S 82° E 
andN 75°W. 

tal United States. The system can be used as 
starting control for any triangulation survey 
that may be undertaken by a private surveyor, 
engineer, or public entity. 

Triangulation is also employed for control 
in large metropolitan areas and on major con­
struction projects. This chapter describes the 
procedures and instructions necessary to de­
velop a triangulation network and retrieve in­
formation on stations already established. All 
procedures and instructions shown in this 
chapter follow NGS standards, and any trian­
gulation conforming to these procedures and 
standards can be indexed into its system. 

This chapter is written with the knowledge 
that modern technology is on the verge of 
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PERMISSIBLE FlGURES 

(A) Simple quadrilateraL-The simple quadrilateral is the best figure, and it should be employed wherever possible. 
It combines maximum strength and progress with a minimum of essential geometrical conditions when approximately 
equilateral or square and therefore the square quadrilateral is the perfect figure. It has a strength factor, 

D-C 
-D- of 0.6. 

(B) Four-sided central-point figure with one diagonal.-When one diagonal of the quadrilateral is obstructed, a 
central point, which is visible from the four comers can be inserted. This figure requires the solution of two side 
equations and five angle equations, and hence adds to the labor of adjusting. Its strength factor is 0.56. 

(C) Four-sided central-point figure without diagonal.-At times, neither diagonal can be made visible and the figure 
becomes a simple four-sided central-point quadrilateral with a strength factor of 0.64. The central point in this case 
should be carefully located to maintain the strength of the R J chain of triangles. An excellent location is near one side 
line and about midway along it. If too near the side line, however, refraction errors may be almost the same for the 
closely adjacent lines, and furthermore, the R2 value will be so large as to be of little value as a check on lengths 
computed through the RJ triangles. 

(D) 11Jree,.sided central-point figure.-This is a simple and usually very strong figure. It is often used to compensate 
for a great variation in length of the side lines of adjacent quadrilaterals, and to quickly change the direction of the 
scheme. Its strength factor is 0.60 and the equations required for its adjustment are the same as for a regular 
quadrilateral. 

(E) Five-6ided figure with four diagonals.-This figure may be considered as a four-sided central-point figure with 
one diagonal, in which the central point falls outside the figure. It is used to afford a check when either a diagonal or a 
side line is obstructed. It has the same strength factor, 0.56, as the above four-sided central-point figure with one 
diagonal, (B), and requires the same adjustment equations and precautions against making any of the angles too small. 
This figure can often be used by the observing party when a side line of a quadrilateral is found to be obstructed. 

(F) Five-sided figure with three diagonals.-This figure is similar to the four-sided central-point figure, (C), except 
that the central point falls outside the figure. The strength factor is 0.64. 

(G) Five-6ided central-point figure with two diagonals.-This figure is an overlap ofa central-point quadrilateral and 
a simple quadrilateral, and is the most complicated figure employed. It has been used to carry the scheme over difficult 
or convex areas. This figure can generally be made very strong. Its strength factor is 0.55. 

(H) Five- and six-sided centrai-point figures without diagonals.-Any polygon with a central point, having separate 
chains of triangles on either side of the central point, will give a double determination of length, since it is permissible 
to carry the two lengths through the same triangle provided different combinations of distance angles are employed. 
However, the five- and six-sided central-point polygons are the only ones that should receive consideration, and they are 
inferior to the simpler quadrilaterals. The factors of strength are 0.67 for five sides and 0.68 for six. 

F"Jgure 11-1. Types of figures used in triangulation and strength factors. (Manual of Reconnaissance fur Triangulation. 
SP225, Government Printing Office: Washington, D.C., 1938.) 

making conventional triangulation obsolete in 
most instances. The use of the global position­
ing system (GPS) is becoming commonplace in 
the establishment of control networks. GPS 
involves the use of satellites. 

GPS not only develops higher accuracy, but 
also does not require lines of sight between 
stations. It does, however, require a clear over­
head horizontal view. The use of GPS is dis­
cussed in Chapter 15. 

Almost all geodetic triangulation involves a 
series of triangles called a triangulation system 

or triangulation network to complete the con­
trol of a selected area. Control is carried from 
one known base line through several triangles 
before another base line must be established 
or checked into. The number depends on the 
"strength of figures," which will be discussed 
later. Tighter control is obtained by using a 
series of quadrilaterals, requiring three other 
stations to be visible from each station instead 
of the two necessary when using triangles. 

Figure 11-1 is an excerpt from the Manual 
of &connaissance for Triang;ulation, special Pub-
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lication No. 225.3 It shows various permissible 
figures and their strength factors for deter­
mining the strength of figures and how often 
base lines or check-in distances are needed. 
This is covered later in the strength-of-figures 
section. 

11-3. CLASSIFICATION AND 
SPECIFICATIONS OF 
TRIANGULATION 

In 1984, the Federal Geodetic Control Com­
mittee (FGCC), with approval of the Office of 
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E(NO.2 ) 

H Figure 11-1. (Continued). 

Management and Budget (OMB), published 
Classification, Standards of Accuracy, and General 
Specifications of Geodetic Control SuroeyS.2 This 
publication outlines permissible tolerances for 
triangulation surveys acceptable by order and 
class. Three orders of accuracy are listed, with 
the second and third orders subdivided into 
class I and class II. The purpose and accuracy 
required dictate the tolerances allowed. 

First-(J7"der classification (Table 11-1) de­
mands the highest accuracy and is recom­
mended for primary national networks, special 
surveys to study movements in the earth's crust, 
and metropolitan area surveys. Minimum rela-
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Table 11·1. Classification of triangulations 

Second-Order Third-Order 

Classification First-Order Class I Class II Class I Class II 

Recommended spacing of Network stations Principal stations Principal stations As required. As required. 
principal stations seldom less than seldom less than seldom less than 5 

l5km. 10 km. Other km or as required. 
Metropolitan surveys 1 to 3 km 
surveys 3 to S km or as required. 
and others as 
required. 

Strength of figure 
RI between bases 

Desirable limit 20 60 SO 100 125 
Maximum limit 25 SO 120 130 175 

Single figure 
Desirable limit 

RI 5 10 15 25 25 
R2 10 30 70 SO 120 

Maximum limit 
RI 4 10 25 25 40 50 
R2 15 60 100 120 170 

Base measurement 
Standard error 1 part in 1 part in 1 part in 1 part in 1 part in 

1,000,000 900,000 SOO,OOO 500,000 250,000 

H omontal direction 
Instrument 0" .2 0" .2 0" .2} { 1".0 1" .0 I" .0 
Number of positions 16 16 S }or{12 4 2 
Rejection limit from mean 4" 4" 5" } { 5" 5" 5" 

Triangle closure 
Average not to exceed I" .0 1" .2 2" .0 3" 5" .0 
Maximum seldom to exceed 3" .0 3" .0 5" .0 5" .0 10" .0 

Side checks 
In side equation test, average 
correction to direction not 
to exceed 0" .3 0" .4 0" .6 0" .S 2" 

Astra azimuths 
Spacing-figures 6-S 6-10 S-10 10-12 12-15 
No. of obs./night 16 16 16 S 4 
No. of nights 2 2 
Standard error 0" .45 0" .45 0" .6 0" .S 3" .0 

Vertical angle obseroations 
Number of and spread 

between observations 3 D/R-I0" 3 D/R-I0" 2 D/R-I0" 2 D/R-I0" 2 DjR-20" 
Number of figures between 

known elevations 4-6 6-S S-10 10-15 15-20 

Closure in length 
(also position when applicable) 

after angle and side conditions 
have been satisfied, 1 part in 1 part in 1 part in 1 part in 1 part in 
should not exceed 100,000 50,000 20,000 10,000 5000 

SOUTa: FGCC. 1974. "Classifications, Standards of Accuracy, and General Specifications of Geodetic Control Surveys." 



tive accuracy between directly connected 
points for first-order is 1 part in 1000,000. 
Spacing between first-order stations should be 
more than 15 kIn for primary network stations, 
3 to 8 km in a metropolitan survey. 

Second-order, class I standards are recom­
mended for control surveys established be­
tween tracts bounded by the primary national 
control network. They strengthen the network 
and provide more stations for local applica­
tions. These standards should also be used in 
metropolitan areas where a closer net is re­
quired than allowable for first-order. The min­
imum relative accuracy between adjacent sta­
tions for second-order, class I is 1 part in 
50,000. Stations strengthening the primary 
network should be not closer than 10 km 
apart, whereas those in metropolitan areas 
should be 1 to 3 km apart. 

Second-urder, class II standards are used to 
establish control along coasts and inland wa­
terways, interstate highway systems, and large 
land subdivisions and construction projects. 
Second-order, class II standards can also be 
used for the further breakdown of second­
order, class I nets in metropolitan areas. Se­
cond-order, class II triangulation contributes 
to, but is supplemental to, the primary na­
tional network. The minimum relative accu­
racy between adjacent points is 1 part in 
20,000. Supplemental stations to the primary 
net should be at least 5 km apart while other 
second-order, class II stations are set up as 
required. 

Third-urder, class I and II standards establish 
control for local area projects, such as small 
engineering jobs on local improvements and 
developments and small-state topographic 
mapping. Third-order triangulation extends 
higher-order control and can be adjusted. Na­
tional network stations set for third-order work 
may be spaced as required to satisfy project 
needs. The minimum relative accuracy be­
tween adjacent stations for third-order, class I 
is 1 part in 10,000; for third-order class II, 1 
part in 5000. 

In order to obtain a certain classification, 
definite specifications must also be met. For 
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triangulation, the following four specifications 
are required: 

l. Specifications for Instruments 

Classification Type ofInstrument 

First-order Optical-reading theodolite mi­
crometer readings, smaller than 
1 sec, Examples: Wild T-3 and 
Kern DKM-3. 

Second-order 
class I and II 

Optical-reading theodolite mi­
crometer reading of 1 sec. Ex­
amples: Wild T-2, Kern DKM-2, 
and Zeiss Th-2. 

Third-order Good-{}uality transit or repeating 
theodolite. Same quality theo­
dolite required for second-order 
is recommended to eliminate 
the extra effort needed to ob­
tain the specified accuracies for 
repeating instruments. 

2. Specifications for Number of Observations Required 
(One observation includes direct and reverse reading.) 

Classification 

First-order 
Second-order, class I 
Second-order, class II 

Third-order, class It 
Third-order, class II t 

Number of Observations 

16* 
16" 
8 with 0' .2" instrument* 
12 with 1".0 instrument" 
4 with 1 ".0 instrument· 
2 with 1".0 instrument· 

"To minimize collimation circle errors and micrometer irreg­
ularities, initial settings utilizing the entire circle are neces­
sary. (See Table II-2 for initial settings.) 
tWhen we use a transit or repeating theodolite, one to eight 
sets of six observations are required, depending on instru­
ment type (Table 11-3). 

3. Rejection Limit Specifications 
) 

Classification 

First-order 
Second-order, class I 
Second-order, class II 
Third-order, class I 
Third-order, class II 

Rejection Limit 
from Mean 

±4" 
±4" 
±S" 
±5" 
±5" 

(Continued) 
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Table 11-2. Circle settings: directional theodolites 

Two positions of circle 
100min 

Micrometer Drum 

1 0° 00' 10" 
2 90 05 40 

Four positions of circle 
Wild T-3 

5-min lO-min Micrometer 
Micrometer Drum Micrometer Drum Circle Readings (units) 

1 0° 00' 40" 0° 00' 10" 0° 00' 15 
2 45 01 50 45 02 40 45 00 45 
3 90 03 10 90 05 10 90 02 15 
4 135 04 20 135 07 40 135 20 45 

Six positions of circle 

1 0 00 10 0 00 10 0 00 15 
2 30 01 50 30 01 50 30 00 35 
3 60 03 30 60 03 30 60 00 50 
4 90 00 10 90 05 10 90 00 15 
5 120 01 50 120 06 50 120 00 35 
6 150 03 30 150 08 30 150 00 50 

Eight positions of circle 

1 0 00 40 0 00 10 0 00 10 
2 22 01 50 22 01 25 22 00 25 
3 45 03 10 45 02 40 45 00 35 
4 67 04 20 67 03 55 67 00 50 
5 90 00 40 90 05 10 90 00 10 
6 112 01 50 112 06 25 112 00 25 
7 135 03 10 135 07 40 135 00 35 
8 157 04 20 157 08 55 157 00 50 
1 0 00 40 0 00 10 0 00 10 
2 15 01 50 15 01 50 15 00 25 
3 30 03 10 30 03 30 30 00 35 
4 45 04 20 45 05 10 45 00 50 
5 60 00 40 60 06 50 60 00 10 
6 75 01 50 75 08 30 75 00 25 
7 90 03 10 90 00 10 90 00 35 
8 105 04 20 105 01 50 105 00 50 
9 120 00 40 120 03 30 120 00 10 

10 135 01 50 135 05 10 135 00 25 
11 150 03 10 150 06 50 150 00 35 
12 165 04 20 165 08 30 165 00 50 

Sixteen positions of circle 

1 0 00 40 0 00 10 0 00 10 
2 11 01 50 11 01 25 11 00 25 
3 22 03 10 22 02 40 22 00 35 
4 33 04 20 33 03 55 33 00 50 
5 45 00 40 45 05 10 45 00 10 
6 56 01 50 56 06 25 56 00 25 
7 67 03 10 67 07 40 67 00 35 
8 78 04 20 78 08 55 78 00 50 
9 90 00 40 90 00 10 90 00 10 

10 101 01 50 101 01 25 101 00 25 
11 112 03 10 112 02 40 112 00 35 
12 123 04 20 123 03 55 123 00 50 
13 135 00 40 135 05 10 135 00 10 
14 146 01 50 146 06 25 146 00 25 
15 157 03 10 157 07 40 157 00 35 
16 168 04 20 168 08 55 168 00 50 
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Table 11-3. Number of observations using a transit and circle settings 

Spread between 
Number of Number D& Rand Sets 

Accuracy Class Transit Observations of Sets Not to Exceed 

Third-order, class I 
triangulation 10" 6D&R 2-3 4" 

20" 6D&R 4-5 5" 
30" 6D&R 6-8 6" 

Third-order, class II 
triangulation 10" 6D&R 1-2 5" 

20" 6D&R 2-3 6" 
30" 6D&R 3-4 7" 

Transit and repeating type instruments 

The circle settings 

Instrument Instrument Instrument 
10" 20" 30" 

Sets Setting Setting Setting 

I 0° 00' 00" 0° 00' 00" 0° 00' 00" 
2 90 05 30 90 10 20 90 10 30 

1 0 00 00 0 00 00 0 00 00 
2 60 03 30 60 06 20 60 06 30 
3 120 07 00 120 13 00 120 13 00 

1 0 00 00 0 00 00 
2 45 05 20 45 05 30 
3 90 10 00 90 10 00 
4 135 15 20 135 15 30 

1 0 00 00 0 00 00 
2 36 04 20 36 04 30 
3 72 08 00 72 08 00 
4 108 12 20 108 12 30 
5 144 16 00 144 16 00 

I 0 00 00 
2 30 03 30 
3 60 07 00 
4 90 10 30 
5 120 14 00 
6 150 17 30 
1 0 00 00 
2 25 02 30 
3 51 05 30 
4 76 08 00 
5 102 10 30 
6 128 14 30 
7 153 17 00 
1 0 00 00 
2 22 02 30 
3 45 05 00 
4 67 07 30 
5 90 10 00 
6 112 12 30 
7 135 15 00 
8 157 17 30 
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4. Triangle Closure Specification for Triangulation Net' 

Average Maximum 
Not Seldom 

Classification to Exceed to Exceed 

First-order 1".0 3".0 
Second-order. class I 1".2 3".0 
Second-order. class II 2".0 5".0 
Third-order. class I 3".0 5".0 
Third-order. class II 5".0 10".0 

'This is a simple field check to indicate the accuracies of 
triangulation observations. 

11-4. PLANNING 

Mter the triangulation project limits are deter­
mined, it is necessary to select the station sites. 
The first step is to collect all pertinent data, 
including various scaled maps and information 
on any existing triangulation stations in or 
near the area. 

One of the handiest tools for planning the 
project and field reconnaissance is a set of 
topographic maps. U.S. Geological Survey 
Quadrangle (quad) maps are excellent and 
easily obtained from local surveying or map 
supply firms. They show contours, roads, trails, 
improvements, and some primary triangula­
tion stations in the area. Quad sheets also have 
geodetic and rectangular coordinate control 
and are available for the entire United States. 

In most cases, any triangulation project 
considered today has enough existing primary 
triangulation stations in the general vicinity 
for beginning control and data for necessary 
checks. These data can be obtained from the 
Director, National Geodetic Information Cen­
ter, NOS, NOAA, Rockville, MD. Included dia­
grams will show locations of geodetic control 
stations, lines of sight between stations, and 
horizontal control data sheets giving direc­
tions to monuments, other visible stations, and 
grid and geodetic stations' coordinates. With 
these data, existing triangulation stations not 
given on a topographic map can be plotted to 
show their location and availability for a pro­
posed project. If existing control is not avail­
able, base lines must be established, as dis­
cussed later in the chapter. 

Mter all existing horizontal control on top­
ographic maps is plotted, the general location 
of all triangulation stations needed for the 
project will be known before setting foot in 
the field. Contours determine the probable 
visibility between proposed stations, so profiles 
can be drawn to assure that the required 
clearance is available, and exact heights of 
towers required to provide acceptable clear­
ance considering obstructions and the earth's 
curvature. Obstructions can become problems 
in all types of terrain, but curvature of the 
earth is noted mainly in flat lands and over 
long distances. The earth's curvature and re­
fraction are discussed in detail in Chapter 7. 
For planning a triangulation project, the ef­
fect of curvature and refraction, which have 
an approximate relation to each other, can be 
determined by the formula 

h (ft) = O.574M2 (mO (11-0 

where h is the height in feet that a line, 
horizontal at the point of observation, will be 
above a level surface at a distance of M statute 
miles. Table 11-4 lists the corrections of curva­
ture and refraction for 1 to 60 mi. 

If the line of sight between two stations 
extends across flat terrain and towers of equal 
heights can be constructed at the stations, the 
heights necessary to compensate for curvature 
and refraction can be determined by the for­
mula 

(11-2) 

in which h is the height above ground at both 
stations (in ft), and M the distance between 
stations (in mi). 

The formula for working in the metric sys­
tem is 

h (m) = O.0675( i) 2 (kilometers) (11-3) 

By constructing towers at both stations, the 
height needed is only one-fourth that required 
if a tower is constructed at only one station. 



Table 114. Correction for earth's curvature and refraction 

Distance Correction Distance Correction 

Miles Feet Miles Feet 

1 0.6 16 146.9 
2 2.3 17 165.8 
3 5.2 18 185.9 
4 9.2 19 207.2 
5 14.4 20 229.5 

6 20.6 21 253.1 
7 28.1 22 277.7 
8 36.7 23 303.6 
9 46.4 24 330.5 

10 57.4 25 358.6 

11 69.4 26 388.0 
12 82.7 27 418.3 
13 97.0 28 449.9 
14 112.5 29 482.6 
15 129.1 30 516.4 

The height calculated by this formula corrects 
only for curvature and refraction. The total 
heights necessary to have a satisfactory line of 
sight need to be increased enough to reduce 
the horizontal refraction caused by unequal 
air currents along the terrain. 

Whether a line of sight will clear an ob­
struction can be determined by the formula 

d l 
e = el + (e2 - el)--- - O.574d1d2 (11-4) 

dl + d2 

where 
e = elevation of the line at obstruction (in 

ft) 
el = elevation of the lower station (in ft) 
e2 = elevation of the higher station (in ft) 
d l = distance from the lower station to ob-

struction (in mi) 
d 2 = distance from obstruction to the 

higher station (in mi) 
O.574d1d2 = correction for curvature and refrac­

tion 

Example 11-1. From a topographic map, it is 
planned to locate stations A and B 10 mi 
apart. The elevation of A is 20 ft and the 
elevation of B 90 ft. On line, 3 mi from A, 
is a ridge with an elevation of 40 ft. To 
determine the elevation of the line of ob-
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Distance Correction Distance Correction 

Miles Feet Miles Feet 

31 551.4 46 1214.2 
32 587.6 47 1267.7 
33 624.9 48 1322.1 
34 663.3 49 1377.7 
35 703.0 50 1434.6 

36 743.7 51 1492.5 
37 785.6 52 1551.6 
38 828.6 53 1611.9 
39 872.8 54 1673.3 
40 918.1 55 1735.8 

41 964.7 56 1799.6 
42 1012.2 57 1864.4 
43 1061.0 58 193Q.4 
44 1111.0 59 1997.5 
45 1162.0 60 2065.8 

struction, use the following formula: 

3 
e = 20 + (90 - 20) (3 + 7) 

- 0.574(3)(7) 

where e = 28.1 ft for the line of obstruction 
and the elevation of obstruction is 40 ft; 
therefore, stations A and B are not intervis­
ible from the ground. 

To determine the height above stations A 
and B necessary to see over the obstruction, 
subtract the elevation of the line of obstruc­
tion from the obstruction's elevation. In this 
case, 40 - 28.1 = 11.9 ft. Thus, a tower of 
11.9 ft, plus a required clearance necessary 
over the obstruction to reduce horizontal re­
fraction, should be constructed over each sta­
tion. If it is feasible to construct towers over 
these stations, the locations are satisfactory. 
Otherwise, new sites must be selected. 

11-5. STRENGTH OF FIGURES 

The accuracy of a triangulation net depends 
on not only the methods and precision used in 
making observations, but also the shapes of 
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figures in the net. The system to measure the 
accuracy of shapes is known as strength of figures. 
Distance angles are those opposite the known 
and required sides. The accuracy or relative 
strength of a triangle is expressed as a number 
-i.e., the smaller the number, the greater the 
relative strength. To qualify as a certain classi­
fication, the sum of all numerical values of 
relative strength through a series of triangles 
between base lines cannot exceed the set stan­
dard. These standards are listed in Table 11-1 
under strength of figures. 

R is the standard symbol for strength of 
figures. When figures of a net are other than 
triangles (Figure 11-1), more than one scheme 
can be used to calculate the required side. R] 
and R2 indicate that the strength of figure 
through the best-shaped triangles and second­
best-shaped triangles, respectively. The sum­
mation (D] of the R] and R2 values deter­
mines when a base line is necessary to comply 
with the classification specifications. 

The formula for strength of each figure 
(known side to required side) is 

where 

D-C 
R = --(A2 +AB +B2) 

D 
(11-5) 

D = number of directions observed in 
each figure 

C = number of conditions to be satisfied 
in each figure 

A and B = logarithmic differences for 1 sec of 
distance angles A and B in units of 
the sixth decimal place 

In determining D, directions along the 
known side of the figure are not included. C 
can be determined by the following formula: 

where 

C = (n' - s' + 1) + (n - 2s + 3) 01-6) 

n = number of lines observed in both direc­
tions (including known side) 

s' = number of stations occupied 
n = total number of lines (including known 

side) 
s = total number of stations 

In triangle ABC (Figure 11-2) where AB is 
known, all stations are occupied, and D = 4 

C = (3 - 3 + 1) + (3 - 2(3) + 3) = 1 

D-C 4-1 
-- = -- = 0.75 

C 4 

In the strength-of-figure formula, D - C ID 
is referred to as the strength factor and given 
for the various figures listed in Table 11-1. The 
values for 8l + 8A 8B + 81 have been tabu­
lated and listed in Table 11-5 To use this table, 
find the factor by locating the smaller distance 
angle across the top of the table and large 
distance angle down the left side. 

Example 11-2. Determination of strength of 
figures (Figure 11-3). If side MN and all 
interior angles are known, find R], R2 to 
required side OP. 

Possible schemes are (1) (MNP, NOP), (2) 
(MNO, MOP), (3) (MNP, MOP), and (4) 
(MNO,NOP). 

D = 10 and C = (6 - 4 + 1) 

+(6 - 2(4) + 3) = 4 

Strength factor = D - C/D = 10 - 4/10 = 0.60 

For scheme MNP, NOP:MNP distance an­
gles are 75°, 64° and NOP distance angles are 
83°,53°. 

Known 
Figure 11-2. Determination of strength factors. 
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Known In Table 11-5, locate distance angles 75° on 
the left side, 64° across the top, and by inter­
section of these two angles and interpolation, 

D, the factor is found to be 2. Next, locate 83° on 
the left side, 53° across the top; the factor is 
listed as 3. Add 2 + 3 = sl + SA SB + Si = 5. 

DB 

D, Required 

Figure 11-3. Determination of strength of figures. 

Common Distance 
Scheme Side Angles 

MNP NP 75°,64° 
NOP 83°,53° 

MNO MO 54°,94° 
MOP 119°,32° 

MNP MP 75°,41° 
MOP 29°,32° 

MNO NO 54°,32° 
NOP 44°,53° 

Since the more accurate scheme has a 
smaller R value, scheme MNP, NOP becomes 
RJ and scheme MNO, MOP is R 2 • Referring 
to the standards of accuracy shown in Table 
11-1, we see that this figure qualifies for first­
order triangulation. If a network was devel­
oped with all figures having these same Rl 
and R2 values, then a base line is necessary 
after two figures to qualify as first-order, or a 
base line is required after eight figures to meet 
the standards of second-order, class I. 

R(MNP,NOP) =D - c/D(ljl + 6A 6B + 6:) 

= 0.60 X 5 = 3.0 

If we complete the same process for the 
remaining three schemes, the following tabu­
lation can be made: 

D-C 
Ii; + liAliB + li1 D R 

2 
3 

E= 5 x 0.60 3 =R) 

2 
9 

E=l1 x 0.60 7 =R2 

8 
39 

E = 47 x 0.60 28 

19 
11 

E = 30 x 0.60 18 

11-6. BASE LINES 

Measured lines that control a triangulation net 
are referred to as base lines. The frequency 
with which base lines are needed depends on 
strength of the geometric figures, and since 
lengths of all required lines are derived from 
the base lines, great care must be taken to 
ensure their accuracy. A base line may be 
between two existing control stations or inde-



pendently measured within the triangulation 
net. 

Plotting triangulation schemes on the re­
connaissance maps can determine when base 
lin€s are necessary, and whether existing sta­
tions are adequate or new ones must be estab­
lished. 

With the acceptance of electronic distance­
measuring instruments (ED MIs) for measuring 
base lines, the procedure has been greatly 
simplified. Pre-EDMI base-line measurements 
required a fairly level leg between stations and 
use of special Invar tapes and supports. The 
favorite location was along a railroad tangent, 
thereby restricting their selection. With ED­
MIs, a base line can be placed wherever there 
is a clear line of sight. Care must be taken that 
the EDMI used meets all requirements and 
specifications for the class order of triangula­
tion desired (see Chapter 5 on EDMIs). 

11-7. FIELD RECONNAISSANCE 

Field reconnaissance crews are responsible for 
contacting property owners, finding all exist­
ing control, and selecting the location of the 
proposed stations. 

It is important to use proper methods in 
contacting owners of lands to be entered. 
Generally, an owner will consent to the use of 
his OT her property if asked beforehand but 
will resent the intrusion without prior consent. 
If visited prior to any field reconnaissance, an 
owner will probably have no objection to fu­
ture use as long as all conditions agreed on 
are met. 

A property owner should be fully informed 
on the procedure to be followed in complet­
ing the triangulation survey, including (1) 
monuments to be set, (2) type of stands and 
towers required, (3) probability of night obser­
vations, (4) number of times the station will be 
used, and (5) settlement for any damage that 
may occur to his or her property as a result of 
monumenting the station. A good motivation 
for allowing placement of a station on private 
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land is to name it after the owner. Having a set 
of monuments with one's name gives a sense 
of importance and pride. 

The owner should be contacted each time 
before land is entered unless a blanket con­
sent has been given, especially if there are 
livestock, buildings, or equipment on the land. 
It is also advisable to talk with the local law 
enforcement agency, as this could prevent later 
embarrassment. 

Mter descriptions of existing control sta­
tions have been acquired, field recovery can 
begin. All stations within the National Geode­
tic Survey control networks have a station de­
scription that includes distances and directions 
of reference azimuth marks from a main sta­
tion mark, geodetic and state coordinate posi­
tion of the mark, and a "to-reach" description 
tied to a nearby permanent landmark such as 
the local post office (Figure 11-4). Since these 
descriptions may have been written and not 
updated for more than 50 years, finding sta­
tions can require a diligent search, or even 
include looking for accessory marks as well as 
the main station. 

When a station is found, a "Report on 
Condition of Survey Mark" form should be 
filled out and sent to the NOS (Figure 11-5). If 
the station sought is not found, the thorough­
ness of the search should be reported; if re­
covered, the marks condition should be re­
ported along with any differences discovered 
in the to-reach description. When approved by 
the NOS, changes are incorporated into the 
station description. For a station recovered 
exactly as previously described, with the mon­
uments and marks in good condition, and 
measurements between marks in agreement, a 
statement to this effect will suffice. Any changes 
concerning station marks or to-reach descrip­
tions must be addressed on the "Report of 
Condition" note. 

Proposed triangulation station sites can be 
researched after existing stations have been 
recovered and proposed schemes laid out on 
the map. Initially, these sites are visited to see 
if they are acceptable as station locations. Fac-
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Note 

4 

12c 
12c 

12c 

DEPARTMENT OF CoMMERCE 
U.S. COAST AND GEODETIC SURVEY 
Fonn825 
Rev. Aug. 1964 
NAME OF STATION: BIG BAR 
CHIEF OF PARTY: Walter R. Helm 

Height of Telescope above 
Station Mark 15.67 Meters 

Surface-station mark, 
Underground-station mark 

OBJECT 

BUCK (USGS) 
Azimuth Mark 
R.M.#2 
Big Bar Lookout tower 
R.M.# 1 

Detailed description: 

DESCRIPTION OF TRIANGULATION STATION 

STATE: California 
YEAR: 1949 

COUNTY: Butte 
Described by: L. A Critchlow 

Height of light above Station 
Mark 18.56 Meters 

DISTANCES AND DIRECTIONS TO AZIMUTH 
MARK, REFERENCE MARKS AND PROMINENT 
OBJECTS WHICH CAN BE SEEN FROM THE 
GROUND AT THE STATION 

DISTANCE 

BEARING feet meters DIRECTION 

E 
W 
W 

NE 

about 1.0 mile 
57.093 17.402 

128.001 (39.015) 
65.493 19.962 

00 
40 

222 
231 
355 

00 00.0 
52 19.2 
47 01 
59 09.0 
32 44 

The station is located on a high, timbered ridge on the east side of the Feather River Canyon, about 20 miles airline 
north-northeast of Oroville, about 10 miles airline east of Paradise, about 2 miles airline southeast of Pulga and on the 
same high point on which the Big Bar Lookout is located. 

To reach the station from the post office in Oroville, go northwest on Oak Street for 2 blocks to a stop sign. Turn 
right on State Highway # 24 and go 28.0 miles to a bridge and a sign "NORTH FORK FEATHER RIVER BRIDGE 
12-38." Keep straight ahead on State Highway # 24, crossing the bridge, and go 0.4 mile to a side road on the right. 
Turn right as per sign "BUCKS LAKE 23" and go 6.5 miles to a 5-way intersection of roads. Turn sharp right as per sign 
"BIG BAR L.O." and go 4.1 miles to a triangle blazed tree and the azimuth mark on the right. Keep straight ahead and 
go 1.2 miles to a fork. Turn right as per sign "BIG BAR LOOKOUT 1" and go 0.8 mile to the summit and the station. 

The station mark is a standard disk stamped "big bar 1949" set in a drill hole in a boulder that projects about 4 
inches above the ground. 

Reference mark number 1 is a standard disk stamped "BIG BAR NO 1 1949" set in a drill hole in a boulder that 
projects about 3 inches above the ground. It is about 2 feet lower than the station. 

Reference mark number 2 is a standard disk stamped "BIG BAR NO 2 1949" set in a drill hole in a boulder that 
projects about 6 inches above the ground. It is 58.6 feet east of the southeast leg of the lookout tower and about 2 feet 
higher than the station. 

The azimuth mark is a standard disk stamped "BIG BAR 1949" set in a drill hole in a boulder that projects about 16 
inches above the ground. It is about 21 feet west of the center of the road and 23.2 feet north of a 24-inch pine tree with 
a triangle blaze. 

Big Bar Lookout Tower is located on the highest point of the hill and is built on ground that is about 2 feet higher 
than the station. The tower is in the early stages of construction. The point measured to and cut in is a punch mark in 
the center and top of the middle base I-beam. 
FJgUR! 114. Station description (horizontal control data from USC & GS). 

tors to be checked include (1) visibility to the 
other station sites, (2) accessibility, (3) proba­
ble permanence of the station marks, and (4) 
acceptance and future plans of the property 
owners. 

The most important item to verify is visibil­
ity. Numerous factors affecting visibility may 
not be evident on the reconnaissance maps, 
but do show up on a field check of the site. If 
we consider the height of towers available for 
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use, new construction, taIl trees, or other in­
tervening obstructions can make sight lines to 
proposed or existing stations impossible. Visi­
bility must be checked thoroughly, since any 
error can cause time-consuming delays when 
observations begin, possibly disrupting the en­
tire triangulation scheme. 

The ability to get materials and equipment 
to a station location for setting monuments 
and occupying stations is another important 
factor. Many triangulation stations require 
some walking to reach the mark, but this 
should be kept to a minimum. A station re­
quiring excessive hiking or climbing not only 
adds an element of danger for surveyors, but 
also makes the station useless to all but those 
few willing to assume the extra effort and risk. 
It is not always possible to avoid inaccessible 
stations, but the main idea is to make them 
usable. 

The property owner is a principal factor in 
determining accessibility. If contacted before­
hand, the owner will probably permit the ve­
hicular entry of his or her property and ex­
plain or show the easiest way to a specific 
location, in addition to providing keys or com­
binations to any locked gates. 

Permanence of marks is never assured, but 
many factors should be considered to make 
their location more reliable. Things to look 
for include (1) soil condition, (2) possibility of 
construction or development, (3) farming ac­
tivities, and (4) changing ownership of private 
or public land. 

Ground condition where a station is placed 
should be stable. Sand hills, large gravel de­
posits, and unstable rock outcroppings should 
be avoided, as well as areas subject to continu­
ous frost action or erosion. Reliability of mon­
uments set in these conditions is greatly dim­
inished owing to the high probability of 
movement. 

Any area subject to proposed development 
or construction is an unfavorable site for a 
station, and although it is impossible to guar­
antee this will not happen, the odds can be 
greatly increased with a little research. By 
checking master plans and zoning from the 

planning agency with jurisdiction over the 
area, the likelihood of future development can 
be determined. The topography of an area 
will also indicate possible future development. 
In addition, always contact property owners to 
find out their future plans for the land. 

In farming areas, station locations are fa­
vorable along a fence line between property 
owners, near farm buildings, and along groves 
maintained for shade or wind breaks. Culti­
vated fields are dangerous since crops may be 
destroyed every time the station is used, and a 
surface monument cannot be maintained be­
cause of repeated cultivation. 

Lands owned by public entities are gener­
ally ideal station locations. Locating a monu­
ment along the right-of-way fence of estab­
lished roadways or railroads and within a pub­
lic park usually ensures its permanence. It is 
always necessary for property owners to be 
satisfied with station sites; otherwise, their per­
manence and availability may be in jeopardy. 
This policy holds true with a public entity for 
stations on public land, as well as for private 
owners. 

11-8. SEnlNG STATION MARKS 

Mter the triangulation net has been estab­
lished and approved, station monuments are 
set. Each station should consist of a station 
mark, at least two reference marks, and one 
azimuth mark. The azimuth mark may be 
eliminated if another station is readily visible 
from the ground. 

Station marks, the main monuments from 
which observations are made, have disks placed 
both underground and on the surface when­
ever possible. Both of the bronze disks have 
the station name and year established stamped 
on them before being set. The station mark 
can be set in a concrete monument, boulder, 
or rock outcropping, or brazed to the end of a 
pipe positioned in the ground. 

The concrete monument is poured in place 
and consists of a subsurface and surface mon-



ument. Figure 11-6 shows the dimensions and 
configuration of a concrete monument set in 
the ground. The surface monument is posi­
tioned over the subsurface one by use of a 
plumbing bench. Care must be taken while 
pouring the concrete not to disturb this bench. 
When using a rock outcropping to set a station 
mark, it should be a hard, solid part of the 
main ledge, not a detached fragment. A hole 
is drilled deep enough to accommodate the 
disk stem, and the rock surface chipped in a 
diameter large enough to countersink the disk 
surface. The disk is attached with cement or 
epoxy. 

At least two surface reference marks should 
be set for each station: bronze disks marked 
with an arrow showing direction to the station 
mark and labeled REFERENCE MARK. The 
disks are stamped with the station name and 
date and numbered serially clockwise from 
north-i.e., RM No.1 would be the first refer­
ence mark looking angularly clockwise from 

Plumbing bench 

to surface of form 

Layer of sand about 
2 to 3 in. deep over light 

~"."......,,-...-. .....-.<:!~ board covering mark .... :~~ 
",~ .'. ~ .. ~ Underground mark 
:;f;'i;'~ This hole is dug with 
'''' ~ posthole digger 

Figure ll~. Diagram of concrete triangulation station 
monument. 

Triangulation 221 

the north direction. Lines from reference 
marks should intersect the station mark as 
close to 900 as possible, ensuring a good inter­
secting angle to recover or relocate the station 
mark. The lines from reference marks to a 
station monument should be clear and kept 
shorter than 30 m to make taping easy, but 
long enough to ensure direct visibility from an 
observing tower. Since the function of refer­
ence marks is to check or relocate the station 
mark, they are placed in locations least suscep­
tible to being disturbed, e.g., set in rock out­
crops, solid permanent concrete structures 
such as retaining walls, or concrete monu­
ments at least 30 in. long and 12 in. in diame­
ter. 

An azimuth mark is set for each station, 
primarily for usage by local surveyors. It should 
be in a location visible from the station mark, 
using an ordinary ground tripod setup and 
approximately {- to t mi from the station 
mark. Azimuth marks are usually set along a 
right-of-way leading to the station mark. Con­
struction of the monument is the same as for 
reference marks, except the disk is labeled 
AZIMUTH MARK. It has an arrow, like the 
reference-mark disks, set pointing to the sta­
tion mark. Although an accurate distance may 
be measured between the azimuth mark and 
station mark, it is not mandatory and its line is 
basically to establish direction. 

11-9. SIGNAL BUILDING 

Before actual observations can begin, observ­
ing stands or towers (signals) may have to be 
constructed over the station mark. Usually, 
these signals are only constructed at stations 
involved with immediate observations and re­
moved as the observing crew moves on. Types 
of signals vary from a basic surveying tripod to 
a lOO-ft-plus steel or Bilby tower. 

Steel or Bilby towers are specially designed 
for triangulation. They consist of an inner and 
a structural steel tripod that are independent 
of each other. The inner tripod supports the 
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theodolite; the outer tripod is for the ob­
server's platform and signal lamp, which is 
placed 10 ft above the base plate of the inner 
tripod. An observer's tent is also placed around 
the outer tower. Both towers are built simulta­
neously from the ground up. These towers are 
classified by the heights of the inner tower; 
they come in heights of 37, 50, 64, 77, 90, 103, 
and 116 ft. 

Bilby towers were a necessity to the NGS for 
extending triangulation over heavily wooded 
parts of the country, but for Qlost localized 
projects wooden towers should be sufficient. 
The NGS has separate building crews that 
construct towers ahead of the observing crews. 
Smaller public surveying departments and pri­
vate surveying companies will probably rely on 
the same personnel to both observe and build 
towers. Depending on the size and purpose of 
a project, stands and towers may be con­
structed over every station before anyobserva­
tions are made or constructed in conjunction 
with observations. A time schedule should be 
worked out in either case to ensure the even 
flow of the project and determine the person­
nel necessary. Care should be taken when 
constructing a tower to be certain that a verti­
cal leg does not obstruct the lines of sight to 
other stations. 

11-10. OBSERVATIONS 

The NOS has a standard format for notekeep­
ing on a triangulation survey, including Obser­
vations of Horizontal Directions (NOAA 76-52), 
Observations of Double Zenith Distances (NOAA 
76-156), Abstracts of Directions (NOAA 76-86), 
Abstracts of Zenith Distances (NOAA 76-135), and 
List of Directions {NOAA 76-72).4-8 

11-10-1. Description of 
Triangulation Station 

Figure 114 describes a station mark and 
how to find it, and lists bearings and distances 
to the azimuth mark and reference monu­
ments. 

11-10-2. Observations of 
Horizontal Directions 

Notes are entered in this book as stations 
are occupied. All data are completed on top of 
each page along with other pertinent remarks 
as notes are taken. A complete set of notes is 
entered for each station before notes on an­
other one are begun. A complete set of notes 
in recorded order consists of (1) to-reach de­
,scription and schematic of the station monu­
ments (Figure 11-7), (2) description of and 
measurements between monuments (Figure 
11-8), (3) observation of the marks and inter­
secting stations (Figure 11-9), and (4) observa­
tions of the main and supplemental stations 
(Figure 11-10). 

Figure 11-8 describes each mark at the sta­
tion, including measurements to topographic 
features and between the station mark and 
reference marks. The identification stamped 
on a monument must be stated exactly-i.e., 
do not note "stamped WYNECOOP RM NO 2, 
1974." if the disk shows "WYNECOOP NO 2, 
1974," The notes "la, 7a" referred to are 
standard numbered notes used by the NGS 
and its predecessor, the U.S. Coast and 
Geodetic Survey, in its publication Manual of 
Geodetic Triangulation9 (Table 11-6). 

Figure 11-7 lists observations on marks and 
intersection stations taken at station 
Wynecoop. Pertinent remarks to be recorded 
include (1) names and duties of the observing 
party members, (2) weather conditions, and 
(3) height and type of signal. The remarks 
column is used to record conditions affecting 
observations. Positions that need to be reob­
served are noted at the end of regular obser­
vations. The position number is recorded in 
the first column and refers to the initial circle 
settings listed in Table 11-2. 

Complete names and descriptions of station 
marks and intersecting stations observed are 
entered in the second column for the first 
position; abbreviated names may be used on 
subsequent positions, but numbers or letters 
cannot be used in place of abbreviations. In­
tersecting stations-e.g., Williams Water Tank 

(Text continues on p. 229) 
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Table 11-6. Standard numbered notes for description of marks. 

The following notes have been used for many years in published descriptions and other 
publications of the eGS and later by NGS. 

Surface marks 
Note 1. A standard triangulation-station disk set in the top of (a) a square block or post of concrete, (b) a concrete 

cylinder, (c) an irregular mass of concrete. 
Note 2. A standard triangulation-station disk cemented in a drill hole in outcropping bedrock, (a) and surrounded by 

a triangle chiseled in the rock, (b) and surrounded by a circle chiseled in the rock, (c) at the intersection of two lines 
chiseled in the rock. 

Note 3. A standard triangulation-station disk set in concrete in a depression in overcropping bedrock. 
Note 4. A standard triangulation-station disk cemented in a drill hole in a boulder. 
Note 5. A standard triangulation-station disk set in concrete in a depression in a boulder. 
Note 6. A standard triangulation-station disk set in concrete at the center of the top of a tile (a) that is embedded in 

the ground, (b) that is surrounded by a mass of concrete, (c) that is fastened by means of concrete to the upper end of a 
long wooden pile driven into the marsh, (d) that is set in a block of concrete and projects from 12 to 20 in. above the 
block. 

Underground marks 
Note 7. A block of concrete about 3 ft below the ground containing at the center of its upper surface (a) a standard 

triangulation-station disk, (b) a copper bolt projecting slightly above the concrete, (c) an iron nail with the point 
projecting above the concrete, (d) a glass bottle with the neck projecting a little above the concrete, (e) an earthenware 
jug with the mouth projecting a little above the concrete. 

Note B. In bedrock, (a) a standard triangulation-station disk cemented in a drill hole, (b) a standard triangulation-sta­
tion disk set in concrete in a depression, (c) a copper bolt set in cement in a drill hole or depression, (d) an iron spike 
set point up in cement in a drill hole or depression. 

Note 9. In a boulder about 3 ft below the ground (a) a standard triangulation-station disk cemented in a drill hole, 
(b) a standard triangulation-station disk set in concrete in a depression, (c) a copper bolt set with cement in a drill hole 
or depression, (d) an iron spike set with cement in a drill hole or depression. 

Note 10. Embedded in earth about 3 ft below the surface of the ground (a) a bottle in an upright position, (b) an 
earthenware jug in an upright position, (c) a brick in a horizontal position with a drill hole in its upper surface. 

Reference marks 
Note 11. A standard reference-mark disk, with the arrow pointing toward the station, set at the center of the top of 

(a) a square block or post of concrete, (b) a concrete cylinder, (c) an irregular mass of concrete. 
Note 12. A standard reference-mark disk, with the arrow pointing toward the station, (a) cemented in a drill hole in 

outcropping bedrock, (b) set in concrete in a depression in outcropping bedrock, (c) cemented in a drill hole in a 
boulder, (d) set in concrete in a depression in a boulder. 

Note 13. A standard reference-mark disk, with the arrow pointing toward the station, set in concrete at the center of 
the top of a tile (a) that is embedded in the ground, (b) that is surrounded by a mass of concrete, (c) that is fastened by 
means of concrete to the upper end of a long wooden pile driven into the marsh, (d) that is set in a block of concrete 
and projects from 12 to 20 in. above the block. 

Previously used notes 14 and 15 referred to seldom used types of witness marks and are purposely omitted. 

Azimuth marks 
Azimuth-mark notes are almost identical to reference-mark notes II through 13, which have been previously used 

for azimuth marks. The following numbers 16, 17, and IB refer specifically to azimuth-mark disks. 
Note 16. A standard azimuth-mark disk, with the arrow pointing toward the station, set at the center of the top of (a) 

a square block or post of concrete, (b) a concrete cylinder, (c) an irregular mass of concrete. 
Note 17. A standard azimuth-mark disk, with the arrow pointing toward the station, (a) cemented in a drill hole in 

outcropping bedrock, (b) set in concrete in a depression in outcropping bedrock, (c) cemented in a drill hole in a 
boulder, (d) set in concrete in a depression in a boulder. 

Note lB. A standard azimuth-mark disk, with the arrow pointing toward the station, set in concrete at the center of 
the top of a tile (a) that is embedded in the ground, (b) that is surrounded by a mass of concrete, (c) that is fastened by 
means of concrete to the upper end of a long wooden pile driven into the marsh, (d) that is set in a block of concrete 
and projects from 12 to 20 in. above the block. 
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-should be described completely, including 
the structure's local name and description of 
the part observed, approximate distance from 
the occupied station, and bearing (E, NE, etc.) 
from the occupied station. Beginning and 
ending times for each position are entered 
under the time head in the third column, 
using military time from 0000 (midnight) to 
2359. 

The fourth column describes the telescope 
position-D for direct or R for reverse-fol­
lowed by the direction observed with two mi­
crometer readings taken for each position (see 
Section 11-11-3). The sum of the micrometer 
readings is entered under the sum heading 
while the mathematical mean, to the nearest 
0.1 sec, is noted in the following column, 
under mean. When using the Wild T-3 
theodolite, the sum of the two direct microm­
eter readings and that of the two reverse mi­
crometer readings are meaned. On the Wild 
T-2 and other comparable directional theodo­
lites, the entry is the mean of all four microm­
eter readings. Seconds of direction observed 
from the initial station to each object are 
entered under "direction" (subtract the mean 
of initial from the mean of observed). 

All pertinent information discussed earlier 
is entered under remarks. Degrees and min­
utes of direction observed from the initial sta­
tion are also listed under this column for each 
direction observed. 

Mter observations of marks and intersect­
ing stations are completed, observations of the 
main and supplemental scheme begin (Figure 
11-9). Recording main and supplementary ob­
servations is done in the same manner as for 
mark and intersecting station observations. 
Reobservations are entered after the original 
set. When the theodolite is checked for level, 
it should be recorded under remarks and any 
adjustment noted. 

Mter each page or set of observations is 
recorded, it must be completely reviewed, all 
items checkmarked, and each page initialed, 
and corrections also checked and initialed. 
Entries must be in ink, and no erasures are 

permitted. Errors are deleted by a single line 
through the incorrect entry and the correc­
tion placed above the deletion. When filled, 
an alphabetized index is recorded in the front 
of the book. 

11-1 0-3. Observations of 
Double Zenith 
Distances 

Typical recordings for vertical angles or 
double zenith distances observed as given in 
Figure 11-11 are self-explanatory. 

11-1 0-4. Abstracts 

Mter each set of horizontal distances and 
zenith distances has been observed and the 
field book checked, an abstract is recorded to 
make certain all observations are within re­
quired tolerances. Abstracts should be com­
pleted in ink, without erasures. 

The "abstract of directions" (Figure 11-12) 
lists all observations taken directly from the 
"horizontal directions" book, except those 
taken on a wrong object or any resulting from 
a kicked tripod, which are rejected immedi­
ately in the book. Any observation so far from 
the apparent mean as to be considered a blun­
der may be rejected before calculating the 
initial mean. Once all observations have been 
entered on the abstract, the columns are 
summed and a mean angle is derived. Any 
observation outside the required tolerance is 
rejected. That position is then reobserved and 
the new observation entered on the abstract. 
The mean of the observations is recalculated 
using the new observation. If, when we use the 
new mean, the rejected observation and new 
observation both fall within the required toler­
ance, they are meaned and used as the ob­
served seconds for that position. A rejected 
observation still outside required tolerance is 
enclosed in parentheses and an R written be­
hind, meaning that it is rejected and not used 
to calculate the mean direction. 
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Figure 11-12. Abstract of directions. 



The following is a summary of the rejection 
limits: 

1. First-order: 4 sec 
2. Second-order, third-order, and azimuth 

marks: 5 sec 
3. Reference marks: 20 sec 
4. Intersection station: 5 to 10 sec, depending 

on the sharpness and nearness of an object 

The "abstract of zenith distances" (Figure 
11-13) lists all the vertical angles observed from 
a station. Besides the headings, the data in 
columns 1, 2, 3, 5, and 8 are entered by the 
observing party from information recorded in 
the "observations of double zenith distances" 
field book. Heights above the station mark, 
dates, and stations the lights are shown to are 
entered at the bottom of the abstract, as the 
information becomes available. The rest of the 
information is entered or calculated later. 

11-11. FIELD OBSERVATIONS 

An observing party should plan to arrive at the 
station early enough to (1) write the station 
description; (2) measure the distances between 
the reference and station marks; (3) check for 
stability and collimate the stand or tower; (4) 
set up the instrument; (5) observe vertical an­
gles; and (6) observe horizontal directions to 
the azimuth mark, reference marks, and inter­
section stations before dark. 

11-11-1. Station Setup 
While driving to the station, a final check 

should be made of the to-reach description, 
including the approximate distance from az­
imuth mark to a station mark. On reaching 
the station mark, the to-reach description and 
schematic are recorded in the "observation of 
horizontal directions" book. 

Next, distances between reference marks 
and the station mark are measured indepen­
dently, in hundredths of a foot and thou­
sandths of a meter. A 30-m tape, marked in 
meters on one side and feet on the other, is 
used to make the measurements. They are 
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made horizontally and recorded immediately 
in observation of horizontal directions. Mea­
surements are repeated until a check of 0.003 
m is obtained between the meter and feet 
readings (Figure 11-12). 

11-11-2. Vertical Angles 
Normally, the first set of observations is for 

the vertical angles, measured from the zenith 
and referred to and recorded as double zenith 
distances in "observations of double zenith 
distances." Reciprocal observations should be 
made at all occupied stations, simultaneously if 
possible. If reciprocal observations are made 
on different days, it is best to try to make them 
under the same climactic condition and dur­
ing the same hour of the day. This will lessen 
the effect caused by varying refraction. The 
best time to observe vertical angles and the 
hours of least refraction are between noon 
and 4:00PM. 

First-order and second-order, class I trian­
gulation require three individual sets of obser­
vations of the double zenith distance. All other 
classifications require two. Observations are 
made with the middle of the horizontal cross 
hair sighted on the object. A full direct and 
reverse set of observations must be completed 
before another set is started to the same sta­
tion. Two or more consecutive direct or re­
verse pointings to the same station are not 
made. This is to ensure that each pointing is 
separate and distinct. Sets may be completed 
on one object at a time, or completed with the 
telescope in one position on several objects in 
succession and then reversed. 

11-11-3. Horizontal Directions to 
Reference Marks, 
Azimuth Marks, and 
Intersection Stations 

Part of the daylight activities at a station is 
observing horizontal directions to the refer­
ence and azimuth marks and any intersection 
stations. Whenever possible, the initial station 
used for these marks should be the same as 
that used on the main scheme observations. 
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Figure 11·13. Abstract of zenith distances. 



Three positions are observed on reference 
marks; four positions are observed on azimuth 
marks and intersection stations. Any positions 
on the reference marks in excess of 20 sec 
from the mean are rejected and reobserved, 
whereas any positions of the azimuth mark or 
intersection stations in excess of 5 sec from 
the mean are rejected and reo bserved. 

Any necessary reobservations are made af­
ter the primary four positions have been com­
pleted and checked. A circle setting for the 
reobserved position will be the same as for the 
rejected position. 

11-11-4. Horizontal Directions to 
Main and 
Supplemental Stations 

The best time to start observing on main 
and supplemental stations is at dusk, as soon 
as all sighting lights become visible. Care must 
be taken to make sure that lights are pointed 
as accurately as possible. By this time, all other 
duties of the observing party should be com­
pleted. Ifvertical angles could not be observed 
earlier, they should be measured after the 
main scheme directions are taken. Stations 
used for the initial observation should have an 
easily discernible and reliable light for unin­
terrupted use. The distance to it should be 
long enough to ensure no effect due to wind, 
local refraction, or a slightly mispointed light, 
but not so far away as to cause an interruption 
because the light is faint or hazy. If possible, 
pick an initial that is convenient for observing 
directions in a clockwise rotation. 

Observation is completed in the same man­
ner as that used for reference marks and in­
tersection stations, using the required number 
of positions for the classification sought. Point­
ing should be quick but not hurried. Deliber­
ate pointing should be avoided as this tends to 
reduce accuracy and greatly increases the time 
required to complete a position. 

Lightkeepers should keep their own set of 
notes, listing what sights were used on which 
stations. They should also list the sight height 
above the station mark. They are responsible 
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for making sure lights are constant and pointed 
as accurately as possible, and they should be in 
constant touch with the observing crew. 

11-12. CONCLUSION 

Many factors of triangulation have not been 
considered in this chapter, such as eccentricity 
of stations, reduction to center, and the use of 
striding levels for observation with a vertical 
angle over 2°. When we consider a triangula­
tion project, the Manual of Geodetic Triangula­
tion, Publication No. 247, is available from the 
U.S. Government Printing Office, or any suc­
cessor to this publication will be helpful. Pub­
lication No. 248 is the guide for NGS triangu­
lation crews and covers the complete proce­
dures required in the field and not reduction 
process. 
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Trilateration 

Bryant N. Sturgess and Frank T. Carey 

12-1. INTRODUCTION 

Trilateration is a method of control extension, 
control breakdown, and control densification 
that employs electronic distance-measuring in­
struments (ED MIs) to measure the lengths of 
triangles sides rather than horizontal angles, 
as in triangulation. The triangle angles are 
then calculated based upon measured dis­
tances by the familiar law of cosines. Trilatera­
tion consists of a system of joined and/or 
overlapping triangles usually forming quadri­
laterals or polygons, with supplemental hori­
zontal angle observations to provide azimuth 
control or check angles. Zenith angles are 
required when elevations have not been estab­
lished or differential leveling is not contem­
plated, in order to reduce slope distances to a 
common reference datum. 

With the development of EDMIs, trilatera­
tion has become a very practical highly accu­
rate, and precise means of establishing and/or 
expanding horizontal control. 

12-2. USE OF TRILATERATION 

Trilateration is commonly employed to study 
gradual and secular movements in the earth's 
crust in areas subject to seismic or tectonic 
activity, to test and construct defense and sci-
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entific facilities, and on high-precision engi­
neering projects. It is also used in control 
expansion or densification for future 
metropolitan growth; coastline control; inland 
waterways; control extension; densification for 
land subdivisions and construction; and defor­
mation surveys of dams, geothermal areas, 
structures, regional/local tectonics, and land­
slides. Trilateration can be used for a simple 
low-order topographic survey covering a small 
area, or on large projects for the design 
and/ or construction of highways, bridges, 
dams, or even to extend topographic mapping 
control from small local tracts to regional ar­
eas. It can be a simple process with single-line 
measurements using ordinary off-the-shelf ED­
MIs and support equipment. Or, it can be a 
complex process employing highly refined 
EDMIs, with special measures for determining 
the refractive index correction and eccentric 
measurements to an eccentric or offset bar, at 
either the reflector or instrument station with 
instrument occupations at both ends of the 
line. 

12-3. ADVANTAGES OF 
TRILATERATION 

Trilateration is a practical and highly accurate 
means of rapid control extension. When prop-



erIy executed, it is superior to both triangula­
tion and traverse for special-purpose precise 
surveys and often is the preferred method, 
because of its advantageous cost-benefit ratio 
and potential. 

Basic trilateration is less expensive than 
classical triangulation and, under most condi­
tions, more accurate. Trilateration permits 
controlling large and small geographical areas 
with a minimum number of personnel. It is 
not required to measure lines with all sights 
simultaneously in position, as with triangula­
tion, unless the procedure of line pairs is 
being employed. Trilateration also provides 
necessary scale control lacking in triangula­
tion. 

12-4. DISADVANTAGES OF 
TRILA TERA TlON 

Trilateration has a smaller number of internal 
checks compared with classical triangulation, 
in which each quadrilateral contains two diag­
onals called lJraces (hence, braced quadrilat­
eral) and has four triangle closures, three of 
which are independent. Additionally, there are 
other checks consisting of agreements be­
tween common sides of the triangles (side­
equation tests). The number of checks or re­
dundancies in a braced quadrilateral in trian­
gulation is four. In trilateration, there is only 
one. 

Trilateration can be reinforced by modified 
observational techniques to provide the same 
number of redundancies as triangulation by 
employing the group or ratio method oflength 
measurement. In order to employ this tech­
nique, the length of a line must be measured 
from both ends. Cost then becomes the limit­
ing factor. Geometric restrictions, which limit 
the selection of locations where stations can 
be established, may cause difficulty in fully 
utilizing trilateration networks to place control 
at specially needed sites. Pure trilateration 
cannot be performed when precise angle mea­
surements must be taken to intersect refer-
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ence objects, azimuth marks, and reference 
monuments. In such cases, a combination of 
trilateration and triangulation has to be em­
ployed. 

Higher-order trilateration (first- and sec­
ond-order, class I) requires sampling of meteo­
rological conditions to be commensurate in 
precision with the distance measurements. It is 
paramount that appropriate techniques be 
employed to guarantee reasonable sampling. 
First-order and super first-order trilateration 
necessitate implementing meteorological sam­
pling techniques, perhaps by flying the sight 
line with a light aircraft to sample tempera­
ture, humidity, and barometric pressure, or 
utilizing an EDMI with a two-color laser system 
to determine the refractive index correction. 

Trilateration is inherently more expensive 
than traverse. In addition, on large geodetic 
control projects the inventory of reflectors for 
measuring long lines must be sufficient in 
numbers to guarantee maximum signal 
strength to the EDMI. Reflector arrays have to 
be manned and are significantly more expen­
sive than show lights required for triangula­
tion. 

12-5. COMPARISON OF 
TRIANGULATION AND 
TRILATERATION 

Triangulation and trilateration are both forms 
of control extension, control expansion, or 
control breakdown (densification). Triangula­
tion is a method of surveying in which the 
stations are points on the ground, forming 
vertices of triangles comprising chains of 
quadrilaterals or polygons. Within these trian­
gles the angles are observed by theodolite, and 
the lengths of sides determined by successive 
computations through the chain of triangles. 
Scale is provided by at least two stations having 
known positions in the first quadrilateral of 
the chain, or by a base line connecting two 
stations in the first quad. The positions of all 
remaining stations in the first quad, and any in 
a chain of quads, are computed in terms of 
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measured angles and known positions at the 
chain's beginning and end. 

In triangulation, distances are computed 
from angle observations; in trilateration, an­
gles are calculated from distance observations. 
Triangulation gives impressive redundancy 
when compared with trilateration. For exam­
ple, in a simple triangle with all angles mea­
sured, one redundant measurement yields one 
condition equation or one degree of freedom. 
Given the same triangle in trilateration, unless 
three distances are measured from each end, 
there are no redundant measurements. 

Similarly, a braced quadrilateral with all 
angles measured provides four redundancies; 
the same figure in pure trilateration yields 
only one redundancy. Table 12-1 tabulates the 
redundancies possible with various figures. All 
points given in the example are presumed to 
be intervisible. 

It can be seen that the number of redun­
dancies in triangulation is significantly higher 
than in trilateration. This does not necessarily 
mean triangulation provides a more accurate 
or precise positional solution than trilatera­
tion. On the contrary, when trilateration net­
works are given an adequate design configu­
ration by avoiding angles smaller than the 
specified minimum, by using proper field 
techniques and properly matched calibrated 
equipment, and by adding check angles when 
appropriate, the final results can be signifi­
cantly superior to triangulation, with lower 
cost. 

Table 12-1. Geometrical redundancies 

Number of lines 
Number of triangles 
Number of triangles used in the computations 
Number of check triangles 
Number of geometrical conditions in trilateration 
Number of geometrical conditions in triangulation 

12-6. CONSTRUCTION OF BRACED 
QUADRILATERALS 

Well-shaped geometrical figures are required 
for both arc and area networks. For arcs, 
quadrilaterals must approximate a square with 
both diagonals measured. When only a single 
diagonal can be observed, a center point must 
be visible from the four vertices of the quad. 
In area systems, well-shaped triangles contain­
ing angles seldom smaller than 15° are manda­
tory for first- and second-order surveys. If these 
conditions cannot be met, then one or more 
of the large angles in the quad must be ob­
served by theodolite. On occasion, geographi­
cal constraints will not allow the "ideal" 
quadrilateral configuration having angles 
larger than 25°. 

Figures can contain angles of 5 to 7° smaller 
than specified while maintaining line accura­
cies. However, this is permissible only on sec­
ond-order, class II or third-order, class I and II 
surveys. It is desirable to include horizontal­
angle readings to increase redundancy and 
improve accuracy in cases where conditions of 
deficient angle sizes are present. First-order 
and second-order, class I surveys should not 
have deficient angle sizes (within the same 
range of 18 to 20°) unless compensated for by 
angle measurements. 

Since few engineers and surveyors are en­
gaged in projects that establish new primary 
positions on arc or transcontinental networks, 

Quadrilateral Pentagon Hexagon 

6 10 15 
4 10 20 
3 6 10 
1 4 10 
1 3 6 
4 9 16 

Source: FGCC 1979. "Classification, Standards of Accuracy, and General Specifications of Geodetic Control Survey." Silver 
Spring MD. 



only area networks and small-area-type pro­
jects will be addressed, 

Figures 12-1, 12-2, and 12-3 show typical 
polygons that can be used in trilateration. The 
center-point polygon and center-point quadri­
lateral are more expensive to design, but may 
be required owing to topographical con­
suaints. In a high-order control network, the 
familiar braced quadrilateral, reinforced with 
angular measurements at selected stations, 
provides an economical means of increasing 
redundancies in trilateration. 

A trilatered center-point polygon composed 
of single triangles with no diagonals observed 
contains only a single condition or degree of 
freedom, regardless of the number of triangles 
contained in the figure. For each additional 
line measured, one more condition is added. 

The following are methods of increasing 
redundancy by one condition or degree of 
freedom, thus improving reliability by adding: 

1. An azimuth measurement other than the 
one required to orient the system. 

2. An independent distance measurement ac­
complished through triangulation, e.g. 

3. Two degrees of freedom by including a sta­
tion of known position, other than the sta­
tion required to index and originate the 
computations. 

4. An angle observation; for each one, an addi­

tional condition or degree of freedom is 
introduced. 

The more conditions designed into a figure 
network, the greater reliability obtained for 

Trilateration = one redundancy 

Triangulation = four redundancies 

Figure 12-1. Braced quadrilateral. 
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Trilateration = two redundancies 

Triangulation = seven redundancies 

Figure 12-2. Center-point quadrilateral. 

the final position of each point within the 
system. 

A good policy to follow is a semimarriage of 
trilateration and triangulation by measuring 
all distances and incorporating angle observa­
tions generally at the station with the largest 
angle. Sufficient redundancy is gained by one 
such occupation to make the expenditure 
cost-effective. For instance, one occupation of 
this type on a conventional braced quadrilat­
eral increases the redundancy from one to 
two. However, it must be remembered that 
when certain EDMIs are properly tuned and 
calibrated, they will surpass the performance 
of any theodolite (short distances excluded) in 
determining angles through distance observa­
tion. Consequently, when check angles are 
specified, the proper angle observation weight 
must be determined accurately to avoid bias­
ing the figure. Therefore, unless the check 
angle is placed in the proper perspective, it 
will yield an extra redundancy but can de­
grade the mathematical fit of the figure unless 
properly weighted. 

Another means of increasing redundancies 
in a conventional braced quadrilateral for 
higher-order trilateration surveys, such as first 

Trilateration = one redundancy 

Triangulation = six redundancies 

Figure 12-3. Center-point polygon. 
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and second, class I, is to incorporate distance 
measurements taken alternately from line ends 
with measurements to EDMI reflectors 
mounted on an eccentric bar. Observing dis­
tances from each end provides a field check 
on a prior line measurement, without lengthy 
computations. Ideally, lengths should be mea­
sured from each end on different days. How­
ever, if production or scheduling will not per­
mit this, measurements can be taken on the 
same day, but at a spaced interval such as 
morning and afternoon, or day and night. The 
advantage of this method is that different me­
teorological conditions exist at various times, 
so when meaned, they should yield a result 
closer to the true distance. 

A full marriage of trilateration and triangu­
lation, in which all distances are measured 
from each end and every station is occupied 
by theodolite, will provide the strongest and 
theoretically most precise means of establish­
ing horizontal control. This method pre­
dictably is the most costly; however, for those 
projects demanding the ultimate in accuracy 
and precision, there is no better method with 
the possible exception of the global position­
ing system (GPS). 

12-7. NETWORK DESIGN 

The geometric figures used in trilateration are 
usually braced quadrilaterals and center-point 
polygons. However, because of a lack of inter­
nal checks, established specifications and stan­
dards must be adhered to rigorously. The min­
imum specified angle sizes should not be 
reduced unless check angles are observed at 
those locations. 

Theoretically, the basic quadrilateral should 
be square in configuration, and a central poly­
gon should have equal angles. Field conditions 
may make achieving this desirable arrange­
ment difficult or impossible. The sample trilat­
eration networks shown in Figures 12-4 and 
12-5 are typical of new networks. 

12-8. RECONNAISSANCE 

Field reconnaissance for trilateration is similar 
to traversing and triangulation reconnais­
sance. It is equally essential in trilateration and 
triangulation that all existing and proposed 
new stations be plotted on a base map, so the 
network configuration can be verified and 
checked for conformance with specifications. 
In areas where the triangles fall below specifi­
cations, owing to geographical constraints, oc­
cupation for angle observations can be 
planned to add reinforcement to the figures 
and redundancies in the mathematical solu­
tion. For a detailed description of reconnais­
sance, refer to Section 11-7, "Field Reconnais­
sance." 

General guidelines to follow in layout of a 
trilateration net are: 

1. Avoid situations where the sight line passes 
in close proximity to a ridge, saddle, tree 
top, or other obstruction between the EDMI 
and reflector station. Unless adequate clear­
ance is maintained, the light beam will be 
reflected and weakened by heat waves, thus 
reducing the range and diminishing the reli­
ability of distance measurements. 

2. Line selections that go over large bodies of 
water must clear them by at least 50 ft; 
otherwise, range and accuracy suffer. 

3. Attempting EDMI measurements near high­
voltage transmission lines or microwave re­
lays (even two-way radio communication with 
the EDMI station) can cause erroneous mea­
surements. Avoid EDMI setups close to such 
energy sources. In most cases, a distance of 
200 ft is a reasonable minimum. 

In station-to-station communication be­
tween survey party members, avoid any trans­
missions from the EDMI station during line 
measurements. The precautions mentioned in 
item 3 do not necessarily apply to all EDMIs. It 
is prudent to first determine if the equipment 
selected for the project is susceptible to these 
electromagnetic and static forces, before 
choosing a questionable site. 



Figure 12-4. Existing trilateration networks. 

12-9. SPECIFICATIONS AND 
TRILATERATION 

In the United States, standards of accuracy for 
geodetic control surveys are prepared by the 
Federal Geodetic Control Committee (FGCC) 
with subsequent review by the American 
Congress on Surveying and Mapping (ACSM), 
the American Society of Civil Engineers 
(ASCE), and the American Geophysical Union 
(AGU). 

Table 12-1, which is taken from the FGCC 
publication entitled Classification, Standards of 
Accurary, and General Specifications of Geodetic 
Control Surveys, provides a summary of various 
standards of accuracy for triangulation; Table 
12-2 shows standards for trilateration control. 
They are available from the National Ocean 
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Survey (NOS) in Rockville, MD Table 12-3 lists 
trilateration standards for field operations cov­
ering various orders of surveys. 

It is paramount that reference be made to 
another publication, Specifications to Support 
Classification, Standards of Accurary, and General 
Specifications of Geodetic Control Surveys, by the 
FGCC, also published by the NOS.2 Both pub­
lications should be consulted before designing 
a trilateration control network. The standards 
provided in these publications are for three 
orders of accuracy: first, second, and third. 
Second- and third-order are subdivided into 
two classes: I and II. 

First-order trilateration is used mainly in (1) 
arc networks, (2) transcontinental primary 
control, (3) network densification in large 
metropolitan areas, (4) highly accurate surveys 
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NOTE: The source of contours is drawing number 3250 entitled "Unit 17 Project Area, Upper Squaw Creek" 
by Union Oil Co. of California, Geothermal Division. 

for defense, (5) sophisticated engineering con­
trol projects, and (6) surveys for monitoring 
earth deformation. First-order is the primary 
horizontal control and provides the basic 
framework for a national control net. 

Second-order, class I horizontal control 
connects first-order arcs and is the principal 
framework for control densification. This or­
der is also employed for large engineering 
projects as well as control expansion for 
metropolitan areas and, in some cases, defor­
mation surveys. 

Second-order, class II surveys are used as 
the basic framework for big photogrammetric 
projects, large-scale subdivisions, and spacious 
construction projects. This order is occasion­
ally utilized to control interstate highway sys­
tems. 

Third-order, class I and II trilateration sur­
veys are a supplemental-type control. This low­
est order is employed primarily to control 
small engineering projects, construction, and 
photogrammetric, hydrographic, and topolo­
graphic projects. 
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12-10. CHECK ANGLES 

It is good practice to include economically 
justified angle observation in a trilateration 
network to increase the number of redundan­
cies within the scheme. For first- and second­
order, class I networks, only first-order univer­
sal theodolites such as the Wild T-3, Wild 
T-2000S, or Kern DKM-3 should be employed. 
The level of precision and accuracy required 
for this order of work precludes the use of any 
lower-order instruments. First-order instru­
ments on second-order, class II surveys can be 
useful and productive if suitable equipment 
and thoroughly trained personnel are avail­
able. The Wild 2000, Wild T-2E, Kern DKM-
2AE, Aus Jena OlOA, or Lietz TM-IA are rep­
resentative second-order universal theodolites. 

Table 12-3 recommends that 4-ft wooden 
stands (see Figure 12-4b) be utilized for all 
first- and second-order trilaterations. Table 
12-1 lists the number of positions and least 
count required in various classes of triangula­
tion to be compatible with the trilateration 
specifications shown in Table 12-2. Targets 
used in conjunction with check-angle observa­
tions should be good quality, with no phase. 
Ideally, directional lights or 360° lights should 
be used exclusively (see Figure 12-13). 

On lines where the inclination (vertical an­
gle) of the observed line is over 5° from the 
horizontal, striding-level readings should be 
made and corrections applied to the observa­
tions for this error. Because of their course 
divisions, most newer second-order theodolites 
do not have a sufficiently sensitive plate level 
to allow meaningful corrections. 

Older second-order instruments permit a 
striding-level vial to sit atop (astride) the 
theodolite vertical axis. For the most part, 
modern second-order instruments with auto­
matic verticle-circle indexing do not provide a 
striding level, but can be precisely leveled us­
ing special procedures noted in their respec­
tive manuals. These methods employ an auto­
matic vertical-circle indexing provision of the 
theodolite. First-order geodetic theodolites, 
such as the Wild T-3 and Kern DKM-3, have 
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plate levels sufficiently sensitive to determine 
corrections commonly called the "correction 
for inclination of the standing axis." It is a 
function of the following: 

1. Value of one division on the plate (or strid­
ing level) is usually in seconds of arc. 

2. Number of graduations the standing axis is 
out of plumb. 

3. Tangent of sight-line inclination. 

The correction formula for C is 

C = deW - E}tan h 02-0 

where 
C = correction in arc seconds 

d = bubble value in seconds of arc per 
level-vial graduation 

W = arithmetic difference of the direct and 
reverse readings of the west (or left) end 
of the bubble 

E = arithmetic difference of the direct and 
reverse readings of the east (or right) 
end of the bubble 

h = vertical angle of the sight line to the 
target, positive if the station is above the 
horizon, negative if below 

Example 12-1. Given: Arc seconds per vial di­
vision d = 6.4", inclination of the sight line 
h = 10°20', and the following bubble read­
ings, compute W, E, and C. 

Direct 
Reverse 

Circle Left 
(Direct) 

+ 
3.5 

28.0 

W: 28.0 - 3.5 = 24.5 

E: 30.0 - 1.0 = 29.0 

Circle Right 
(Reverse) 

30.0 
1.0 

W-E = 24.5 - 29.0 = -4.5 

C = d/4[(W) - (E)]tan h 

C = 6.4"/4( -4.5)(0.182) 

C = -1.31" 



246 Trilateration 

The correction applied to the line (direc­
tion) on which the inclination of the standing 
axis is read. If the correction sign is minus, the 
correction is subtracted; if plus, it is added. 

When bubble readings are taken for incli­
n~tion correction, it is important that the in­
strument be kept as nearly level as possible, 
caused by possible inconsistencies in uniform­
ity of the level vial. For the example given, the 
dislevelment angle is extreme, so the instru­
ment should be releveled before the next 
round begins. As noted, divisions should be 
estimated to 0.1 of its smallest graduation. 

The recorder can perform a helpful check 
to guard against errors in reading the plate 
and striding levels by noting the difference 
between the left- and right-hand bubble read­
ings. This indicates the relative length of the 
bubble, which should be consistent for both 
direct and reverse orientations and not dis­
agree by more than 0.3 divisions. If it does not 
check, then either an observing or recording 
error has occurred, and the source should be 
identified by reobserving the bubble if the 
error is detected during the occupation. 

It is possible for the bubble length to vary 
during a night's work because of changes in 
temperature and barometric pressures; how­
ever, these changes will be slow and practically 
unnoticeable. Bubble lengths should remain 
relatively static, enabling an observer to get a 
feel for the general trend, so errors in read­
ings are spotted instinctively. 

12-11. ZENITH ANGLE 
OBSERVATIONS 

Determining elevation differences by employ­
ing zenith angle measurements and slope dis­
tance is accurate and rapid, provided that (1) 
the timing of observations is carefully consid­
ered, (2) atmospheric conditions are favorable, 
(3) good sights and observing techniques are 
employed, and (4) the second-order (or betted 
universal theodolite is in good repair and ad-

justment. The times of day when refraction is 
at its worst should be avoided. 

Minimum refraction occurs from noon to 3 
PM and the maximum from 9 PM to midnight. 
During the period from noon to 3 PM, refrac­
tion tends to be relatively constant. The poor­
est times for observing are between 8 and 9 
AM, and between 6 and 7 PM, because during 
these periods refraction is changing most 
rapidly. When simultaneous reciprocal obser­
vations are used, the paired observations at 
each end should be completed within a total 
elapsed time of 15 min or less to avoid chang­
ing refraction conditions. This technique 
practically eliminates the effects of curvature 
and refraction. 

The following list should be followed in 
selecting techniques and parameters for ob­
servations. It gives the order of preferred 
methods with the best listed first: 

1. Simultaneous reciprocal observations, noon 
to 3 PM. (Two instruments, combined ET for 
all observations is Z = 15 min.) 

2. Reciprocal observations, noon to 3 PM, dif­
ferent days. 

3. Simultaneous reciprocal observations, 9 PM 

to midnight. (Two instruments, combined 
ET for all observations is Z = 15 min.) 

4. Reciprocal observations, 9 PM to midnight, 
different days. 

5. Simultaneous reciprocal observations at any 
other time. (Two instruments, combined ET 
for all observations is Z = 15 min.) 

6. Reciprocal observations, with no coordina­
tion of time. 

7. Nonreciprocal observations. 

• (a) Noon to 3 PM. 

• (b) 9 PM to midnight. 

• (c) Any other time. 

Table 12-2 lists the recommended number 
of repetitions and rejection limits for each 
class of trilateration. However, users are ad-



vised to use 3 D /R or more and a rejection 
limit of ± 5 arc seconds or less in all classes. 

12-12. TRIGONOMETRIC LEVELING 

In order to reduce observed slope distances to 
a common datum, elevations must be known 
at a line's terminal points. Since trilateration 
establishes the position of new stations, eleva­
tions are seldom known. The most common 
method of determining elevations is, of course, 
differential leveling. It is the most accurate but 
unfortunately the most expensive. An accept­
able alternative to differential leveling is trig 
leveling. Both methods are very successful 
when sound specifications and operational 
procedures are followed (see Section 7 for a 
discussion of trig leveling and the computa­
tion of differences in elevations based on 
zenith angle and slope distance observations). 

Table 12-3 lists the number of observations 
and allowable spread between zenith angle or 
vertical angle sets, together with the allowable 
variation from known elevations. 

12-13. ELECTRONIC DISTANCE 
MEASURING INSTRUMENTS 

An EDMI is the heart of any trilateration net­
work. It is the workhorse of any modern sur­
veying project and ultimately controls the raw 
data secured. EDMIs employed in the United 
States are generally the light-wave and mi­
crowave types. Visible-light-wave EDMls in­
clude the Rangemaster and Ranger series 
marketed by Keuffel & Esser Company and 
the geodimeter produced and marketed by 
the AGA Corporation of Stockholm, Sweden. 
Nonvisible infrared light-wave types are pro­
duced by nearly all EDMI manufacturers. 

Microwave is a second type of carrier wave. 
However, the effects of meteorological condi­
tions on this type of electromagnetic wave are 
very extensive, compared with visible and non-
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visible light waves, so microwave does not have 
widespread usage in geodetic control survey­
ing. For example, humidity contributes, as a 
worst possible case, about t-ppm error to 
light-wave-type EDMIs, but a comparable level 
of humidity can cause 70 ppm or more in 
microwave instruments. 

Most short-range « 3 km) EDMIs on the 
U.S. market today employ the gallium-arsenide 
electroluminescent diode (GA-AS diode) as an 
infrared light source for the projected beam. 
No separate light modulation is necessary be­
cause the desired intensity or pattern of mod­
ulation is obtained directly from the diode by 
RF (reference frequency) controlled voltage. 
Some medium-range instruments employ a 
modified GA-AS diode as a semiconductor las­
ing infrared light source. 

12-14. EDMllNTERNAl ERRORS 

EDMI manufacturers list an error statement 
typically in the form ±(A + B), where A is 
expressed in millimeters or decimal feet and 
B in representative parts per million (ppm). 
These specified errors are usually ± 1 standard 
deviation (the standard error or one-sigma, u) 
that is the error to be normally expected for a 
single observation when the EDMI is in good 
working order and properly calibrated. The 
expression is an informative message from 
manufacturer to consumer, indicating the rel­
ative reliability to be expected from a single 
observation. The true value of A as deter­
mined by base-line testing should generally be 
equal to or smaller than the stated standard 
error. 

The range of all errors should never exceed 
3u. If this limit is surpassed, it could indicate 
that the EDMI is in need of repair or mainte­
nance. The unique error statement for an 
individual EDMI is not static and will change 
with time due to the aging of electronic com­
ponents, faulty optical alignment of the instru­
ment caused by an external shock or blow, or 



248 Trilateration 

a frequency change resulting from mechanical 
and/or electronic sources. It is imperative that 
sufficient base-line calibration checks be made 
and regular shop maintenance scheduled at a 
factory-authorized repair facility. Normally, a 
base-line check should be done after any shop 
work is completed and at the completion of a 
project. 

In considering the two groupings of inter­
nal errors inherent in EDMls, the first one A 
consists of a family of errors present for all 
measurements within the operating range of 
the instrument that is not a function of dis­
tance. Thus, the error is the same whether the 
EDMI is measuring 1 m or 6 km. These inter­
nal errors are listed as follows: 

1. Instrument offset. 

2. Cyclic errors (nonlinear). 

3. Instrument resolution. 

4. Instrument repeatability. 

5. Pointing error. 

6. Reflector, instrument calibration. 

The second group of internal errors B re­
sults from a drift of the crystal frequency stan­
dard used to control the modulation fre­
quency. Several of the more common causes 
of this shift are due to (1) loosening of an 
adjustment screw, (2) electronic aging, (3) ex­
treme temperature conditions in the case of a 
crystal not provided with an oven or a temper­
ature compensating system, and most com­
monly (4) inadequate warm-up time to allow 

Minus 
eccentric 

Center 
eccentric 

1&2 

Plus 
eccentric 

FJgUl"e 12-6. Eccentric measurements. 

the crystal and other electronic components to 
stabilize. For example, laboratory frequency 
monitoring has shown that inadequate warm­
up time for various infrared and lasing instru­
ments can produce frequency errors of up to 4 
ppm or more. Usually, a warm-up period of 20 
mm is sufficient for frequency stabilization. 

Naturally, good judgement must prevail 
when determining which lines need a full 
warm-up period and which do not. A line of 
10,000 m, for instance, should get full warm-up 
since an arbitrary error of 4 ppm would repre­
sent 10,000 X 4 = 0.040 m. A line of 100 m, 
on the other hand, would produce only 0.0004 
m, which is considerably outside the sensitivity 
range of most EDMls. 

Consider first the A group of internal er­
rors. Items 1 and 6 are systematic in nature 
and should be treated together. Comparison 
measurements on an NG~stablished base line 
will give an indication of the sign and magni­
tude of this error, provided that items 2 
through 5 are not excessive. Cyclic error is 
systematic and normally measured before an 
EDMI leaves the factory. Data are available 
from some manufacturers on request. Cyclic 
error is not constant throughout an EDMI's 
lifespan and will change with age. A repair 
facility should be available that can accomplish 
this calibration, as well as determine instru­
ment resolution, repeatability, and pointing 
errors by applying appropriate tests. The re­
duction or elimination of these error sources 
is a project for a factory or repair facility. 

EDMI 

Eccentric bar 



Instrument resolution can be tested by us­
ing an eccentric bar (Figure 12-6). The EDMI 
and reflector array are set up at a convenient 
distance of approximately 300 m and multiple 
measurements taken to the prism on center, 
repointing for each shot, while very carefully 
noting maximum signal response. The prism is 
moved to a minus eccentric position and a 
similar series of shots taken, then turned to a 
plus eccentric position, and finally back to 
center. An average of the minus eccentric 
measurements reduced by the offset distance 
should equal the centers' average. The plus 
eccentric measurements' average added to the 
offset distance must also equal the average of 
the centers. Any difference between the mea­
sured center-those centers determined by 
applying the offset correction to the minus 
and plus eccentrics-should agree to within a 
millimeter or smaller. (See Figure 11-14a for a 
detail of the eccentric bar.) 

The measurement procedure and check of 
conditions in using the eccentric bar are as 
follows: 

1. Order of measurement is CTR1, -, +, 
CTR2. 

2. Each eccentric position is read 10 times. 

3. Repoint the EDMI after each set of five 
shots. 

4. Center ECC 1 must equal center ECC2 within 
±A group error (see Section 12-15). 

Test 1 

-; 
s:: 

-tlI) 
~ .... 
u Vl 
.':::~ 

~ 0 
>.~ 

S .... -

F.gure 12-7. Magnitude of pointing error. 
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5. Minus eccentric - the offset distance (0.150 
m) must equal center ECC 1 within ±A group 
error. 

6. Plus ecentric + the offset distance must 
equal center ECC1 within ±A group error. 

7. When all three checks are made, all four 
observations are averaged. 

8. If A group errors are shown to be ± 5 mm, 
then the corrected plus and minus eccentric 
shots should be equal to or smaller than 
center ECC1 ± 5 mm. 

Instrument repeatability and pointing error 
can be checked during the same setup for 
instrument resolution. The repeatability test is 
performed by pointing the instrument for 
maximum signal response. Then activate the 
EDMI and record a series of multiple mea­
surements without disturbing the instrument 
pointing. There would be no change of dis­
tance on the display greater than ± one least­
count unit. Statistically, 95% of the measure­
ments should remain unchanged, with 5% 
having no greater difference than ± one 
least-count number on the display. 

Pointing error is an apparent change in the 
distance display caused by the bundle of light 
rays returning to the EDMI not focusing at the 
proper location on the diode. The technique 
for determining the magnitude of pointing 
error is shown in Figure 12-7. 

Test 2 

Horizontal 
limit of signal 
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Test 1 begins by maximizing the signal hor­
izontally with the horizontal cross hair below 
the prism. Using the vertical motion, drop the 
cross hair until the signal fades out. Then raise 
the vertical wire until the signal is strong 
enough to cycle the EDMI and record the 
distance and vertical angle (or vote the vertical 
position of the cross hair with respect to the 
prism). Continue to test with approximately 
five distance measurements until the signal is 
lost on the upper side of the prism. Test 2 is 
identical to test 1, except the signal is maxi­
mized vertically, and the EDMI turned in az­
imuth left to right with the horizontal motion. 
Distance measurements are recorded, and the 
vertical cross-hair position is noted with re­
spect to the prism. 

If there is a change in the distance readout 
within ± one prism width or height, special 
pointing techniques should be standardized 
for the EDMI to normalize all distance mea­
surements. It is very important that the point­
ing technique used in a repair facility for 
calibration be identical to the procedure em­
ployed on the base line and in the trilateration 
net. The technique chosen should be mutually 
decided on by the repair technician and oper­
ator in order to capitalize on the unique de­
sign characteristics of an individual EDMI and 
the way the instrument will be utilized in the 
field. 

A technique that proved very successful on 
the HP 3800A and HP 3810B, and should 
work on all EDMIs of similar design for sys­
tematic pointing, is as follows: (1) Using the 
vertical wire, slit the prism (or center the verti­
cal cross hair on the maximum signal, using 
the horizontal motion) and drop the cross hair 
vertically until the signal stops. (2) Elevate the 
cross hair very slowly with the vertical motion 
only; watch the signal return and stop at the 
point of the first maximum signal return. 

If test 1 and 2 do not show a change in 
distance with ± one prism width or height, 
the standard pointing technique recom­
mended by the manufacturer should be fol­
lowed. 

It is not necessarily possible to totally elimi­
nate the first group of internal errors (group 
A), but they can be minimized. Items 1, 2, and 
6 are systematic and may approach zero, but 3, 
4, and 5 can be reduced by a savvy repair 
technician. If item 5 is a problem, it can be 
eliminated with better pointing techniques. 

The second element to consider is the B 
group of internal errors-those caused by a 
drift in the frequency standard of the crystal 
used to control the modulation frequency. If 
the instrument is thoroughly warmed-up and 
the crystal frequency is part of a temperature 
compensating system, the frequency error is 
minimal; however, all frequency errors are 
systematic. The resulting distance error can be 
corrected if the magnitude of frequency error 
is known. On higher-order projects, it might 
be advisable to monitor the frequency periodi­
cally throughout the job, with an appropriately 
sensitive frequency counter. On other pro­
jects, checking the frequency at its beginning 
and end is sufficient. 

A good policy to follow immediately prior 
to initiating a trilateration project is to send 
the EDMI to a reputable shop for mainte­
nance and calibration, with special emphasis 
given to the items just discussed. After shop 
work, the next step in the calibration se­
quence is a trip to an NGS-established base 
line for further testing and calibration. It is 
imperative that the same techniques of dis­
tance measurement are utilized on the base 
line as on the trilateration network, preferably 
with the same prism or prism type and the 
same observer. 

A series of measurements is taken (usually 
10) with repointing after each group of five in 
all fO".lr eccentric positions of the eccentric bar 
(center, mif'us, plus, then center). After the 
first line is measured, the prism is advanced to 
the next baseline monument. When every line 
has been measured and all refractive index 
corrections and systematic errors are applied, 
each measured distance is compared with that 
established by the NGS and the difference 
computed for every line. The resulting error is 
tabulated and a standard deviation computed. 



If a systematic error remains, it will show up 
by analyzing the variances. The scatter should 
be smaller than ± 5 mm, and roughly an equal 
number of lines will measure short as long. If 
the variances are predominately plus or pre­
dominately minus, the error plot should be 
adjusted up or down to establish a line cen­
tered on zero error. The distance a graph 
moved up or down is then treated as another 
total offset correction for measured distances. 

The error plot should not have a sloping 
shape-i.e., an error with respect to distance 
showing a rate of change, since this suggests 
the presence of a frequency error. 

Selecting an EDMI for trilateration is not a 
simple task: There are many variables to con­
sider, such as the following: 

1. The range of distances within which the 
EDMI will be utilized. 

2. The manufacturer's stated error for the 
EDMI. 

3. Reliability and reputation of the manufac­
turer. 

4. Durability and accuracy of the EDMI, as 
reported by users and repair facilities. 

5. Temperature range within which the EDMI 
will maintain its design error specification 
- i.e., is its crystal temperature compen­
sated to maintain frequency standard 
through a wide range of temperatures? 

6. Price. 

A common error specification claimed by 
various manufacturers for medium-range in­
frared ED MIs is ± (5 mm + 5 ppm). The EDMI 
specifications are not adequate for third-order, 
class II trilateration as demonstrated in Exam­
ple 12-2. 

Example 12-2. Can an EDMI with a specifica­
tion of ± (5 mm + 5 ppm) be utilized on a 
third-order, class I trilateration project in 
which the minimum distance is 3000 m? 

The answer is no! Referring to Table 12-3 
under ppm (total error budget), we can see 
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that third-order, class I has a total error bud­
get of ± 4 ppm. The B group error statement 
of ± 5 ppm as claimed by the manufacturer 
already exceeds the allowable error of ± 4 
ppm for third-order, class I, without even con­
sidering the A group errors, centering errors, 
or refractive index correction (RIC) errors. 

Example 12-3. Can the same EDMI be used 
on a third-order, class II project with the 
minimum distance being 3000 m? 

If we assume that the maximum EDMI er­
ror does not exceed the manufacturer's 
claimed error statement, and further, that the 
ppm's listed for T, P, el , and centering, etc., 
per Table 12-3 are held constant, then 

STEP 1. Convert the A group error to ppm 
and combine with B group error. 

ppmEDMI£ = ± (5 mm + 5 ppm) 

0.005 m X 106 

A group error ppm = --3-0-0-0-m--

= 1.67 ppm 

A group error ppm + B group error ppm 

= ±(1.67 ppm + 5 ppm) 

= ±6.67 ppm 

Therefore, ppmEDMI£ at 3000 m = ± 6.67 
ppm. 

STEP 2. 

= vppmiDMI + ppm} + ppm~ + ppm;l + ppm~E 

where IppmE is the total error budget in 
ppm, ppmEDMI the error statement for the 
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Table 12-4. Parts per million changes in length for pressure and temperature 

1 ppm change in length 

EDMI as determined by baseline calibration 
and laboratory measurement of frequency, 
ppmT the estimate of temperature measure­
ment uncertainities in ppm (see Table 12-4), 
ppm p the estimate of barometric pressure un­
certainities in ppm (see Table 12-4), ppme1 
the estimate of vapor pressure uncertainities 
(humidity) in ppm (see Table 12-4), and PpmCE 
the centering error in ppm (see Tables 12-3 
and 12-5). 

( 
106VO.0012m + 0.0012 m 

3000m 

= ppm for ± 1 mm centering error) 

IppmE = V6.67 2 + 22 + 22 + 0.42 + 0.5 2 

IppmE = ±7.3 ppm 

The EDMI specifications are not adequate 
for third-order, class II trilateration. An in-

Table 12-5. Distance versus centering error 

Pressure error or change of 
±O.lO" HG 
±100' 
±2.5mmHG 

Temperature error or change of 
± l.8°F 
± l.O°C 

spection of the data shows that the element 
contributing most to the high error of ± 7.3 
ppm is the B group specification concerning 
frequency. If it is possible to lower this source 
of error by reading the actual frequency and 
calculating corrections, or adjusting the fre­
quency to near perfection, this EDMI would 
be capable of both third-order, class II and 
class I measurements at a minimum distance 
of 3000 m. 

If the error specification can be adjusted to 
± (5 mm + 1 ppm), the following improve­
ment could be realized: 

ppm = 2.67 2 + 22 + 22 + 0.42 + 0.5 2 

pp = ± 3.94 ppm 

The new ppm resulting from improving the 
error specification of the EDMI now has shown 
dramatic results, improved its predicted per-

Centering Error of ± 1 mm Centering of ± 1/2 mm 

Error Ratio 1 ± Error ratio 1 ± 

Distance (m) ppmEE Part in ... ppmEE Part in ... 

10,000 0.1 7,071,068 0.1 14,142,136 
5000 0.3 3,535,534 0.1 7,071,068 
2500 0.6 1,767,767 0.3 3,535,534 
1000 1.4 707,107 0.7 1,414,214 
500 2.8 353,553 l.4 707,106 
300 4.7 212,132 2.4 424,264 
200 7.1 141,421 3.5 282,842 
100 14.1 70,711 7.1 141,422 



formance in line measurement, and conforms 
to third-order, class I specifications. 

12-15. EDMI EXTERNAL ERRORS 

A number of factors causing errors in EDMI 
measurement will be discussed. 

12-15-1. Refractive Index 
Correction 

Table 12-4 lists the magnitude of errors in 
pressure and temperature sampling that cause 
a ± I-ppm change in the distance. Chapters 4 
and 6 deal with the equations for determining 
ihe refraction index correction resulting from 
changes of temperature, atmospheric pres­
sure, and water vapor pressure, from the stan­
dard. A discussion of these equations will not 
be repeated. However, a discussion on sam­
pling techniques will be addressed. 

The accuracy and precision of an EDMI 
measurement are a direct function of how 
carefully the atmospheric conditions are de­
termined along the beam path. It is typical 
procedure to simply measure temperature at 
the EDMI height and pressure with an inex­
pensive barometer, probably uncalibrated, and 
ignore the effect of water-vapor pressure. This 
method will not be effective for even the low­
est order of trilateration unless distances are 
very short. 

12-15-2. Temperature 
Measurement 

Measuring temperatures with a thermome­
ter gives figures only for the instrument and 
not necessarily the air temperature. Unless 
shielded from sunlight, a thermometer is 
heated by radiation and shows an erroneous 
temperature. A thermometer carelessly hung 
on a low bush can pick up thermal radiation 
from the ground, as will dangling it from the 
survey truck's door handle or exterior mirror. 

Nearby heated objects affect temperature 
readings. If we assume that the thermometer is 
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shielded from radiation, standardized, and the 
sight line from the EDMI to the reflector is 
equally distant above the ground throughout 
the beam length, sampling tripod-height tem­
peratures at both ends of a line should be 
adequate. Shorter distances will ensure smaller 
temperature errors. Sight lines are seldom a 
constant height above the ground. Within the 
first 30 ft above the ground, temperatures can 
vary as much as 9°C (I6.2°F) or more. This 
corresponds to a 9-ppm error if a ground 
temperature is erroneously used. 

Isotherms are imaginary lines connecting 
points of equal temperature. A characteristic 
of an isotherm is that it generally tends to 
follow the ground profile. Typically, an 
isotherm for a given temperature is likely to 
be at a lower height above the ground on a 
hilltop than on the valley floor. Figure 12-8 is 
a graphic representation of this phenomenon. 

In most situations, the temperatures will be 
more accurate if taken on each end of the line 
at a height of 25 to 30 ft above the EDMI and 
reflector. The most representative tempera­
ture samplings are obtained on overcast days, 
with light to moderate winds mixing the atmo­
sphere. 

The primary source of error in determining 
the index of refraction correction is the difference 
that exists between the observed temperature 
and actual average temperature over the line's 
length. A typical sight line passes from one 
high point to another, or from a high point to 
a low point at variable heights above the earth's 
surface. Since these variations in height above 
the ground occasionally have large differences 
and least since in atmospheric temperature 
varies with altitude, temperature measure­
ments at the end points may not create an 
accurately representative model. Hence, 
scheduling field operations during periods 
when meteorological conditions are more 
conducive to accurate temperature sampling 
will provide improved representative tempera­
ture models. 

Figure 12-9 charts temperature versus height 
above the ground surface and time of day in 



254 Trilateration 

Reflector 
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Figure 12-8. Isotherms. 
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Figure 12-9. Daily cycle of temperation variation. (Adapted from P. S. Carnes, 1961). TemperatuTe Variations 
in the First 200 Feet of the Atmosphere in an Arid Region, Missile Meteorology Division, U.S. Army Signal Missile 
Support Agency, New Mexico. 



lowest 100 m at White Sands Missile Range, 
New Mexico. At an air sampling height of 10 
m-e.g., an average line height above the 
ground of 40 in-the largest error in temper­
ature during the daytime is 1°e (1 ppm) 
around 1300 hr, and the smallest error occur­
ring in the daytime is toe (t ppm) around 
0700 hr. 

Given overcast conditions with sufficient 
wind to stir and mix the air, the graph ap­
proaches 0700, as shown in Figure 12-9, where 
near-ground temperatures in the 10 m range 
would closely approximate those temperatures 
much higher up (to 80 m ±). If elevation 
differences are extreme and weather condi­
tions not conducive to good sampling at 10 m, 
other tactics must be employed to determine 
the refractive index corrections, such as a 
two-color laser EDMI, multiwavelength dis­
tance-measuring instrument (MWDMI); the ra­
tio method; or aircraft monitoring, etc. Using 
temperature-sampling procedures at the 10-m 
height should suffic~ for second-order, class II 
and lower. 

The following conditions should be consid­
ered before writing specifications for field op­
erations: 

1. Night temperatures will tend to be cooler 
near the ground than aoove it. Conse­
quently, if the average height of the sight 
line above ground is higher than the sam­
pling of height, temperature readings taken 
at night under clear skies will be cooler than 
the true average sight-line temperature, re­
sulting in EDMI distances that are shorter 
than the true lengths. 

2. Daytime temperatures tend to be warmer 
near the ground than higher up. If the aver­
age height of the sight line above ground is 
higher than the sampling height, tempera­
ture readings taken during the daytime un­
der sunny skies will be warmer than the true 
average temperature along the Sight line. 
Therefore, the resulting EDMI distance is 
longer than the true distance. 

3. Overcast days or nights, with moderate winds, 
provide the best conditions for accurate 
temperature sampling. 
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4. Temperature and pressure samplings are 
most repreSentative when taken along the 
line of sight. 

The following list notes the preferred meth­
ods of sampling the atmosphere to determine 
the refractive index correction. Items tallied 
are shown in the order of accuracy from best 
to worst. The methods correlate with Table 
12-3. 

1. MWDMI. 

2. Ratio method. 

3. Aircraft monitoring of temperatures and 
pressure along the line of sight. 

4. Balloon-suspended temperature thermistors. 

5. Thermistors and aspirators erected on a mast 
at the EDMI and reflector. 

6. Temperature and pressure samplings at the 
height of the EDMI and reflector. 

7. Temperature and pressure sampling at the 
EDMlonly. 

Temperature readings can be taken with 
thermometers, but such use is not recom­
mended except in measuring relative humid­
ity. Portable digital-reading battery-operated 
temperature indicators manufactured by 
Weathertronics Qualimetrics, Inc. are rela­
tively inexpensive. Such temperature sensors 
are accurate to ±O.1°F or 0.16°e and have 
ventilated sensors and cables that can reach 
short distances, up to 50 ft. Also available are 
similar units that measure both temperature 
and relative humidity. 

Some fabrication is necessary to properly 
utilize the temperature-sensing equipment. 
First, an appropriate aspirator must be de­
signed that has the following features: (1) cir­
culates air past the temperature sensor, (2) 
shields the sensor from solar radiation, (3) is 
lightweight, and (4) is mountable on an ex­
tending mast. Second, an appropriate extend­
ing mast must have the following features: (1) 
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is lightweight, (2) is extendable to 30 ft or 
higher, and (3) is mountable on a truck 
bumper or pickup bed. 

12-15-3. Aspirator 

A design was developed incorporating the 
use of a 5-in. PVC elbow with a reducer to 4 
in. on one end and 12-in. section of 4-in. PVC 
glued into the reducer. A 12-V DC motor with 
fan was mounted inside the elbow and a piece 
of 1 t-in. PVC was glued to the 12-in section of 
the 4-in. PVC to act as a receiver for the mast. 
Then, all were covered with insulating foam to 
guard against solar radiation. A hole was bored 
to receive the temperature-indicator sensor 
and placed to position it in the aspirator's 
airstream. The motor was powered via a long 
extension attaching to the truck battery with 
alligator clips; it is designed to exhaust from 
the elbow when the sensor was placed upwind 
from the motor (see Figure 12-11). 

12-15-4. Mast 

The mast is an aluminum extension pole 
originally designed as a handle for a tree pole 
saw. It consists of five or more sections of 
aluminum tubing, 5 to 6 ft in length, with 
different diameters to permit the unit to 
"telescope." Each section is held aloft by a 
friction collar. (See Figure 12-10.) Use caution 
when extending the mast. Do not extend the 
mast when in the vicinity of power lines. 

12-15-5. Truck Mounting 

A piece of 1 t-in. pipe, 36 in. long with a 
1 t-in. floor flange bolted to a truck bumper, 
front or rear, or bolted to the bed of a pickup, 
serves as a holder for the mast and aspirator. 
The aspirator, mast, and truck mount can be 
assembled using locally available materials. The 
temperature assembly described has been used, 
under ideal conditions, with good results in 
performing first-order trilateration; however, 

, 

Figure 12·10. 12-V aspirator; extended mast; truck­
mounting assembly; meteorological box. 

the project was a minigeodetic network con­
sisting of lines no longer than 4 km and non­
critical changes in elevation. The described 
system is adequate for second-order, class II 
and lower-order surveys. Under favorable at­
mospheric conditions-overcast, light-to-mod­
erate winds-the system can exceed second­
order, class II specifications. (See Figure 12-11.) 

12-15-6. Barometric Pressure 
Measurement 

Barometric pressure must be measured at 
each end of the line with a sensitive, high-qu­
ality temperature-compensated barometer. 
Also, the barometer should reliably differen­
tiate the least division shown in Table 12-3 
under atmospheric sampling accuracy require­
ments for barometric pressure. The barome­
ters should be periodically calibrated against a 
mercury column, preferably at the beginning 
and end of the project-more often if the 



FJgUl"e 12-11. Another example of instruments shown in 
Figure 12-10. 

project lasts longer than several weeks or the 
barometers have been subjected to hard us­
age. (See Figure 12-12.) 

During the project, a daily check should be 
made on all barometers used for line measure-
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ment operations to determine if they are read­
ing the same (± one least count). For exam­
ple, if one of the instruments does not agree 
with the others, it can be safely reindexed in 
the field to match them. If more than one 
barometer reads differently, all should be re­
calibrated before proceeding with the project. 
Surveying barometers are delicate precision 
instruments and should be shaded from the 
sun and treated with the same care due any 
scientific equipment. 

12-15-7. Humidity 

The effect of humidity on visible light and 
infrared EDMls is admittedly small and does 
not exceed 1 X 106 under the worst condi­
tions. However, second-order, class I and 
first-order trilateration must have atmospheric 
observations made at each end of the line to 
determine the size of correction for water­
vapor pressure e1• The equipment is inexpen­
sive and consists basically of two thermome­
ters, one a regular unmodified thermometer 
and the other adapted to include an appara­
tus, usually a sleeve with an absorbent material 
that is moistened with water. 

Both thermometers are usually aspirated by 
a small battery-powered fan to evaporate the 
water and cool the thermometers to an appar-

Figure 12-12. Meteorological box contain­
ing sUlVeying barometer, thermometer, and 
electronic temperature-sensing equipment 
wi th 40-ft cable. 
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ent lower temperature when a difference be­
tween the thermometers is noted. A correc­
tion is then computed by the equation given 
in Section 12-4. A choice is available between a 
conventional sling psychrometer or newer 
state-of-the-art portable battery-powered types 
with digital readout and electronic sensor. 

12-15-8. Electronic Interference 

Care must be taken to avoid potential EDMI 
errors when operating in the proximity of 
transmission lines, microwave, or radio com­
munication. Radio transmission also can 
severely affect electronic atmospheric-sensing 
equipment, so all such transmission should be 
shunned as well during temperature measure­
ments. 

12-15-9. Reflector Correction 

Reflector correction for individual differ­
ences between units due to slight differences 
in their offsets has been discussed previously 
in Section 12-14. The reflector correction is 
both a systematic and an external error, rela­
tive to the EDMI, with a sign that can be either 
plus or minus. 

12-16. REFLECTORS 

Any reflecting surface can be used from a 
common shaving mirror to precision-ground 
planoparallel optical surfaces, highway reflec­
tors, reflective tape, mercury surfaces, and, of 
course, the conventional retroreflecting prism, 
provided that the following conditions are met: 
(1) The exact reflector constant/offset is 
known, (2) the reflected light source is suffi­
ciently strong to enable an EDMI to function 
within the expected accuracy and precision 
standards, and (3) the reflected beam is free of 
ambiguous stray light from a surface other 
than the intended interior ones of the reflec­
tor. 

Typically, surfaces such as reflective tape, 
plane mirrors, and highway reflectors are off­
set no more than 1 mm. On the other hand, 

retroreflective prisms vary from - 40 mm to 
-70 mm to - 30 mm, depending on the 
manufacturer. It must be emphasized that 
these offsets are nominal. The true offset can 
be in disagreement by as much as ± 1 mm to 
± 3 mm by actual measurement. If the project 
standards-i.e., error budget-can tolerate 
this uncertainty, then by all means disregard 
the true offset and employ the nominal. How­
ever, it is prudent surveying practice to know 
the exact magnitude of an individual reflector 
offset. This can be measured in combination 
with calibration tests given an EDMI while on 
the test base line, but only if the EDMI has 
sufficient resolution to measure a least count 
of ± 0.001 ft, and can reliably detect relative 
displacements of the same size. 

The HP 3800 has been utilized for this 
purpose, with good results. This test is per­
formed at relatively short distances of about 
300 ft. 

The same reflector submitted with an EDMI 
for laboratory calibration, zeroing (making the 
total offset correction equal zero), and later 
taken to a base line for validation measure­
ments is selected for standardizing all other 
reflectors which need calibration. Mter ap­
proximately 20 measurements are made to the 
calibrated reflector, all others are inserted 
successively and the measurements repeated. 
The difference between the mean of the first 
measurements using a calibrated reflector is 
subtracted from those taken with each individ­
ual unit. The result is a reflector correction 
RC added to or subtracted from the slope 
distance to correct for the offset difference 
from the standardized prism. 

The next step is to (1) run the trilateration 
EDMI and calibrated reflector through an NGS 
base line to validate the total offset correction 
TOC established during laboratory calibration 
earlier or (2) determine the magnitude and 
sign of the TOC for the EDMI and calibrated 
reflector as a unit in the event there has been 
a change. 

Multiple shots are taken, with the EDMI 
being repointed after each distance measure­
ment with a sufficient number of repetitions 



read to arrive at a realistic mean value. Then 
the difference is computed between the mean 
of the measured distance minus the NGS­
established distance published for the base 
line. This results in one TOe determination 
for each base-line distance. Several different 
distances on the base line must be measured 
to ensure that the best value of the EDMIjre­
flector combination TOe has been deter­
mined. Once the TOe and reflector correc­
tion for the calibrated reflector are known, 
the corrected slope distance for a line is com­
puted by the following relationship: 

Corrected slope distance = measured slope distance 

±TOC±RC 

Each reflector should be individually num­
bered for identification. The corresponding 
value of Re established for the specific reflec­
tor is then recorded for future use. Usually, it 
will be observed that all reflectors from a 
manufacturer tend to have Res approximately 
the same size. Differences of as much as 7 mm 
have been found between reflectors of differ­
ent manufacturers, although each claims to 
have the same offset. Caution, therefore, 
should be exercised when mixing reflectors, 
unless the Re value is known. 

If maximum-rated distances are to be mea­
sured, the reflectors must be premium quality, 
clean, reasonably accurately pointed, and in 
good repair. For lines inclined more than 150 , 

the use of tilting prisms is recommended. 
Centering an EDMI and reflectors over the 

marks is extremely important and requires the 
tribrachs to be in perfect adjustment; other­
wise, precision calibration will be meaningless. 
Centering the reflector over a sufficient num­
ber of base-line monuments ensures getting 
the best possible value for the instrument/re­
flector combination TOe. 

12-17. CENTERING 

The Wild-type tribrachs with attached optical 
plummet, manufactured by Wild, Geotech, Li­
etz, Topcorn, and others, are very strong, 
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well-designed, and durable. However, unless 
reasonable care is taken in transporting and 
day-to-day handling during field usage, the 
bull's-eye bubble and mechanical adjustment 
system of the optical plummet can be jarred 
out of calibration. Extreme variations in tem­
perature contribute to shifts in the tribrach 
zero, owing to extremely unbalanced tension 
on the adjusting screws. Read the manufac­
turer's adjustment instructions carefully and 
then follow them precisely. The tolerable cen­
tering error ± 1 mm. (0.003') more or less, 
depending on the class of survey and line 
length (see Table 12-5 on page 252). 

Since centering errors are only a part of the 
total error allowed in distance measurements, 
it naturally follows that the influence of cen­
tering errors on the total must be held to a 
minimum. Table 12-5 serves as a guideline for 
determining when distances become critical in 
considering the effect of centering and estab­
lishes centering standards for project control 
specifications. For instance, Tables 12-2 and 
12-4 show that trilateration standards for a 
second-order, class II distance of 500 to 1000 
m might be attained if the centering is done to 
± 1/2 mm or lower. As a practical note, it is 
very difficult to adjust a Wild-type tribrach 
finer than 1/2 mm because the cross hairs on 
some optical plummets appear nearly 1/2 mm 
wide at nominal tripod heights. . 

If extremely high precision is required on 
short lines, necessitating a centering error of 
0.5 mm or smaller, operators should incorpo­
rate a centering-rod-type system instead of the 
familiar tribrach style with a fixed optical 
plummet. Centering-rod types are currently 
manufactured by both Wild and Kern. Other 
tribrach designs allow the optical plummet 
to be rotated in azimuth while viewing the 
cross hair, and they can be centered to within 
1/2 mm without much difficulty. 

The following is a list of general centering 
guidelines: 

l. Check the bull's-eye level bubble optical 
plummet twice each week or more often as 
conditions dictate. 
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2. Tribrachs should be stored and transported 
-even from station to station-in a suitably 
protective container that safeguards the tri­
brach from moisture, physical shocks, and 
vibration. 

3. Do not press the surface of the bull's-eye 
bubble or touch the vial unless the bubble is 
being adjusted. 

4. When leveling for final centering, look 
squarely down on the bull's-eye to avoid any 
parallax and make absolutely sure the bub­
ble is concentric with the reference circle on 
the glass. 

5. If a tribrach is dropped or given any form of 
physical shock, it must be checked before 
being used for a distance or angle measure­
ment. 

6. Follow the manufacturer's instructions for 
centering adjustment. Pay particular atten­
tion to the tightening and loosening se­
quence for capstan screws and locks. 

7. In some cases where high precision is impor­
tant, the use of a level vial, such as one in a 
tribrach carrier or theodolite, can be uti­
lized for leveling and centering the tribrach. 
This is always superior to using the bull's-eye 
on the tribrach. 

Example 124. Given a centering error of ± 1 
mm and line of 5000 m in a length, what is 
the probable effect of centering errors, ex­
pressed in parts per million (ppm) and er­
ror ratio (ER)? 

To find a solution, two setups are required 
for each line: one at the EDMI station and 
another at the reflector station. If we employ 
the standard statistical method of error propa­
gation, which states that the final error is 
equal to the square root of sums of the squares 
of the individual errors, the following expres­
sions apply: 

106JCEf + CEi 
(12-2) PpmCE = 

D 

D 
(12-3) ER= 

JCE 2 + CE 2 1 2 

where ER is the error ratio expressed in the 
familiar form " 1 part in ... " resulting from 
the assigned centering error, PpmCE the parts 
per million resulting from the assigned center­
ing error, D the measured distance, GEl the 
assigned centering error of the EDMI, and GE2 

the assigned centering error of the reflector. 
Then for D = 5000 m, 

PpmCE = 
106JO.0012 m + 0.0012 me 

5000m 

= ±0.28 ppm 

5000m 
ER = -;===:========::= 

';0.0012 m + 0.0012 m 

= 3,535,534 or 1 part in 3,500,000 parts 

Table 12-5 tabulates a centering error of 
± 1 mm and ± 1/2 mm, respectively, utilizing 
Equations (12-2) and (12-3) with distance as 
the argument. 

12-18. INSTRUMENT SUPPORTS 

NGS-type instrument supports should be em­
ployed for first-order and second-order, class I 
control surveys. These so-called 4-ft stands are 
economical and easy to fabricate and provide 
a superbly stable instrument and target base 
for measuring both distances and angles. (See 
Figure 12-14b for construction details.) Ac­
cording to Table 12-3, standard tripods are 
advisable for only third-order, class I, class II 
and perhaps second-order, class II projects. If 
a theodolite setup is required for check-angle 
measurements on second-order, class II, or 
third-order, class I and II, it is advisable to 
construct a 4-ft stand for theodolite occupa­
tions. 

It is possible to forego the use of stands in 
pure trilateration, if available conventional 
tripods are (1) in good repair; (2) in good 
adjustment; and (3) substantial and sturdy 
enough to support the EDMI, reflectors, etc., 
without displacement from weight and/or 
wind. 



If any angle observations are contemplated, 
4ft stands should be built. The increased ac­
curacy and precision, plus ease of setting up, 
will offset the time and cost of their construc­
tion. An additional advantage of employing 
the stand is that its height above every mark 
remains constant throughout the project. 
Thus, an instrument or reflector height always 
equals the height of the stand above the mark 
plus the incremental height of the instrument 
or reflector above the stand. Mter the stand 
height has been measured and checked, it 
need not be remeasured throughout the pro­
ject, as would be required each time a new 
setup is made with a conventional tripod. 

It is always good practice to measure all 
heights in feet and meters, independently, to 
provide a necessary cross-check. It is not dif­
ficult to obtain figures that agree within ± 1 
mm (0.003 ft). High-order, small-scale precise 
trilateration networks (minigeodetic networks) 
of 2 mi or shorter require precision in mea­
surement of the instrument and reflector 
heights above the marks. In trig leveling, the 
accuracy of HIs and HSs are especially critical 
on short lines. The heights of instruments and 
sights should be taken to ± 1 mm. On lines 
longer than 2 mi, the requirement can be 
relaxed to ± 1 cm or more, depending on 
precision needs. 

12-19. ACCESSORIES 

If 4ft stands are used for instrument supports, 
several items are needed to attach the angle­
and distance-measuring equipment to the 
stand. The suggested designs shown on Fig­
ures 12-13 and 12-14a have evolved through 
many years of trial and error and are pat­
terned from equipment manufactured by the 
NGS. 

Tribroch Plate 

The tribrach plate is attached by wood 
screws directly to the wooden cap of the stand. 
Before fastening it, the plate is centered ex­
actly over the monument with a vertical colli-
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mator or the optical plummet of a tribrach, 
and then screwed down and checked. The 
plate is constructed of ~-in. aluminum stock 
and cut triangular in shape, 14 in. on each 
side, with a %-in. hole drilled slightly oversized 
in the center of the plate. Additionally, six 
holes are drilled around the perimeter and 
countersunk to allow loose passage of no. 8 
wood screws, while permitting firm attachment 
of the tribrach plate to the stand's wooden 
cap. 

Attachment Bolt 

The attachment bolt is a % X 11 X I-in. 
hex-head bolt, which serves as a means of 
attaching all prisms, lights, and tribrach of the 
eccentric bar to a tribrach plate. The only 
machining necessary is a t6 -in. hole bored 
through the bolt from end to end (Figure 
12-9). This hole allows the optical plummet 
sight line on the tribrach to pass through the 
bolt and permit viewing the mark below. 

Eccentric Bar 

The eccentric bar is constructed of % X 2t 
X 15-in. aluminum stock (Figures 12-10 and 
12-10. Three %-in.-diameter holes are bored 
on the centerline at a spacing of 0.492 ft. 
(0.150 m). The spacing of 0.150 m was chosen 
to keep the bar a manageable size and weight. 
The purpose of the eccentric bar is to (1) 
provide redundant measurements, (2) provide 
an internal check on the EDMI, (3) detect 
blunders, and (4) check EDMI resolution. 

Stud Bolt 

The purpose of a stud bolt is to secure the 
prism in the eccentric bar. It is a ~ X ll-in. 
threaded bolt 1 -h--in. long, turned to a proper 
diameter to allow a slip-fit into each hole in 
the eccentric bar. The slip-fit must not permit 
any wobble or lateral movement of the prism. 
The bolt is designed with one threaded end to 
screw into a prism case, and one un threaded 
end to allow the prism to be lifted vertically 
and changed from one eccentric position to 
another. 
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Single reflector 
Light bulb (6 V) 

360 0 sight light 

Range <3 km 

Tribrach adapter 

Tribrach ~ 

Range ~3 km 11 Screws or "e" clamps 

4 ft stand 

Figure 12-13. Survey target system. 
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TARGET SYSTEM DETAIL 

5/8" - 11 stud bolt ii 
1 1/16" long w/l/2 Threaded-"CJ 

5/8" hole to 
"'o:<l;'---*--=-fi t stud bolt 

( .201) drill 
tap for 1/4-20 

ECCENTRIC BAR ASSEMBLY 

27/64 hole & counter 
000-""":::---- sunk to fit 1/4" screw 

CX:)c.--~~-- 49/64 hole w/7/8-9 tap 

~ #6-32 screw r" ~ 3/8" long 

Standard threaded 
Flashlight socket 
Sliding Extension 

, 1/4" steel stock 
~ drill & taped 

for #6-32 screw 

#6-32 screw 1/2" long 1 
Brake & Batt. Conn. 

from top I & tap steel stock 1/2" 

T~J 

Base 
3/4" 
for 1/4" steel stock to 
fit thru & at other end 
drill 17/32 hole and tap 
for 5/8-11 

3600 SIGHT LIGHT 
ASSEMBLY (a) 

Figure 12-14. (a) Survey target system details. (b) Stand assembly. 

Keen or heli-coil insert 
~--5/8-ll LD. 

7/8-9 0.0. 

1/4-20 x 1 1/4" long 
!¥----- flat head screw 

1/4" hole & counter 
sunk to fit #12 screw 

Attachment Bolt 

5/16" 
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4 FOOT STAND 

~--.--- c::;::;==;:=;~-- CAP 

~--SKIRT 

I" 
7" RISE TOP VIEW OF LEG 

FABRICATION OF LEG 
2"x6"x6' WOODSILL METERAL 
RIP W/30o BEVEL 

SIDE VIEW OF STAND ASSEMBLY 
(b) 

Figure 12-14. (Continued). 

CAP---, 
1" MIN. 

BORE 3" HOLE 

SKIRT 

~--- 16 yz"-----+-I 

TOP VIEW OF STAND 
NOTE I CAP & SKIRT USE 3/4" 

EXT. PLYWOOD 

SKIRT IS 10" WIDE AT TOP 
& 13 1/2" WIDE AT BOTTOM 

BRACES USE 1" x4·11 S 

ALL BRACING ANGLES CUT 
TO FIT 

~~N ASSEMBLING STAND 
DO NOT ALLOW BRACING 
TO OVERHANG STAND LEGS 

USE CEMENT TREATED 
8 PENNY BOX NAILS 



36U Sight Ught 

The 3600 sight light is designed to be used 
as a triangulation target. The light is powered 
by a 6-V battery source with a rheostat-con­
trolled power lead. It provides a very superior 
target for short- to medium-length lines. The 
maximum distance for daytime use is approxi­
mately 1 km; for nighttime work, approxi­
mately 6 km or more with full power. 

The sight light consists of two basic parts: 
0) the base ~d (2) a sliding extension. The 
base, a t-in.-diameter steel stock, bored t-in.­
diameter longitudinally and on one end bored 
and threaded to ~ X 11 in. for attaching to a 
standard tribrach adaptor, or for connecting 
directly to the tribrach plate by the attach­
ment bolt. Additionally, the base is drilled and 
tapped for a no. 6 X 32 screw, which is used 
for a brake on the extension, and as an electri­
cal pole for one side of the battery. The sec­
ond principal part is a sliding extension, 
turned for a smooth slip-fit into the base, with 
one end drilled and tapped to receive the 
6 X 32 screw attaching the threaded flashlight 
socket to the extension. 

On long lines, where centering can be more 
lax, the show lights or reflectors may be bolted 
directly to the tribrach plate if the plate is 
sufficiently level to prevent eccentricities detri­
mental to the desired classification standard 
being followed. Typically, the 4ft stand cap 
should be set level when the stand is installed, 
regardless of the project accuracy require-
ment. 

These accessories are inexpensive to fabri­
cate and require only simple machining any 
home craftsman can do. The aluminum stock 
is available in sheet form and can be sheared 
or cut to the proper size for a nominal charge 
at most sheet-metal facilities. 

12-20. DISTANCE REDUCTION AND 
TRI LATE RATION 
ADJUSTMENTS 

The two adjustments commonly used in trilat­
eration are (1) condition equations involving 

Trilateration 265 

differences in angles or areas and (2) the 
variation of coordinates method. For low-order 
networks 1: 15,000 or lower, adjustments simi­
lar to the compass and transit rules can be 
employed but are not recommended. 

Condition equations for adjusting trilatera­
tion were developed by the late Earl S. Belote, 
a geodesist with the U.S. Coast and Geodetic 
Survey. Condition equations use the differ­
ences of the angles calculated from the sides 
and evolved by differentiating the basic equa­
tions to compute those angles. Changes in the 
lengths can be expressed as follows: 

dA" 

(ada - a cos Cdb - a cos BDc) 
= (area) sin 1" 

2 

db" 

(-b cos Cda + bdb - b cos Adc) 
= (area) sin 1" 

2 

de" 

(-e cos Bda - e cos Adb - Cda) 
= (area) sin 1" 

2 

In a trilateration network, the number of 
equations is equal to N - 2S, N being the 
number of lines measured and S the number 
of new stations. If ties to additional stations are 
contemplated or required, additional equa­
tions will be necessary. Therefore, it is sug­
gested that if connecting ties are to be utilized, 
the variation of coordinates method should be 
used. In Chapter 16 the theory and applica­
tion of the variation of coordinates method of 
adjusting a quadrilateral are described in de­
tail. 

12-21. FIELD NOTES 

Figure 12-15 shows the field notes for a meteo­
rological data observation, Figure 12-16 covers 
zenith angle field data, and Figure 12-17 is a 
set of EDMI field measurements for multiread­
ings/zenith angles. 
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NOTES 

1. FGCC 1979. "Classification Standards of Accu­
racy, and General Specifications of Geodetic 
Control SUIVey." Silver Spring MD. 

2. FGCC 1975. specifications to Support Classifica­
tion, Standards of Accuraq, and General specifica­
tions of Geodetic Control Suroeys. [1975] 1980 (re­
vised). Federal Geodetic Control Committee 
Washington DC. 
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13 
Geodesy 

Earl F. Burkholder 

13-1. INTRODUCTION 

Literally, the word geodesy means "dividing 
the earth"; however, by usage its meaning now 
includes both science and art. The science of 
geodesy is devoted to determining the earth's 
size, shape, and gravity field. The art of geodesy 
utilizes scientific data in a practical way to (1) 
obtain latitude, longitude, and elevation of 
points; (2) compute lengths and directions of 
lines on the earth's surface; and (3) describe 
the trajectory of missiles, satellites, or other 
spacecraft. It is not intended here to designate 
a given activity as being either science or art, 
but to recognize a legitimate difference in 
emphasis that may exist in various areas of 
geodesy. 

13-2. DEFINITIONS 

1. Geometrical geodesy. Concerned with the size 
and shape of the earth's mean-sea-Ievel sur­
face. 

2. Physical geodesy. Relates the earth's geophysi­
cal internal constitution to its corresponding 
external gravity field. 

3. Satellite geodesy. Deals with satellite orbits, 
tracking existing satellites, and predicting 
the trajectory of a given missile, satellite, or 
spacecraft. 

4. Geodetic astronomy. Chronicles the changing 
position of the stars and other celestial ob­
jects. Although listed separately, it overlaps 
geometrical and satellite geodesy and is not 
discussed further here. Additional informa­
tion can be found in Chapter 17 in the 
section on field astronomy and in other texts 
on geodetic astronomy. 

13-3. GOALS OF GEODESY 

It is not practical to mathematically describe 
the earth's entire topographical surface. How­
ever, one goal of geodesy is to obtain a mathe­
matical model that best approximates the 
earth's mean-sea-Ievel surface. The model most 
commonly used is an ellipsoid, formed by rotat­
ing an ellipse about its minor axis. (In the past, 
such a figure has been referred to as a spheroid. 
For the purposes of this handbook, the two 
terms can be used interchangeably') The el­
lipse major axis is in the equatorial plane; the 
minor axis coincides with the earth's spin axis. 
Often an ellipsoid is defined by the length of 
its semimajor axis a and the semiminor axis b, 
Figure I3-1a. However, in Section 13-6, the 
ellipsoid is also defined in other ways. 

The earth's mean-sea-Ievel surface is called 
the geoid, shown in Figure 13-1 b. The geoid 
extends under the land masses and is the 
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SP 
(b) 

Y.gure 13-1. (a) Mathematical ellipsoid. (b) Physical geoid. 

mean equilibrium level to which water would 
rise in a transcontinental canal. The geoid 
does not follow the ellipsoid exactly, but undu­
lates from it by as many as 100 m. For this 
reason, the earth's mean-sea-Ievel shape has 
been referred to as a lumpy potato. Addition­
ally, there is an identifiable bulge in the geoid 
of 10 to 15 m in the southern hemisphere, 
giving rise to the earth being described as 
pear-shaped. On the other hand, despite 
mountains and ocean trenches, the earth is 
nearly spherical and by comparison is 
smoother than an orange. If its diameter at 
the equator was 10 m, the distance South Pole 
to North Pole would be shorter by only 0.034 
m. 

A second goal of geodesy is to describe the 
location of points on the earth's surface rela­
tive to the equator (latitude), an arbitrary 
meridian (longitude), and mean sea level 
(elevation). Thus, the rotational ellipsoid is 
indispensable in providing a framework for 
geodetic control networks. These networks, 
such as that in Figure 13-2, define the latitude 
and longitude of control points throughout 
the world. Previously, geodetic surveying oper­
ations were confined to continental land 
masses, and precise intercontinental ties were 

impossible. Now with space-age technology, 
geodetic surveying activities are conducted on 
a global scale, so any two points on the earth 
can be tied together. 

A third goal of geodesy is to determine the 
earth's external gravity field. Isaac Newton, 
Christian Huygens, and others in the middle 
1600s recognized that the earth's shape is in­
fluenced by gravity. Since then, much scien­
tific research has been devoted to the earth's 
geophysical attributes. This aspect of geodesy 
is important to surveyors because the 
geoid-the mean sea level to which elevations 
are referenced-is actually defined by an 
equipotential surface. Since the distance be­
tween equipotential surfaces is defined in 
terms of the work required to move a unit 
mass from one to the other, the perpendicular 
distance between two level surfaces is not con­
stant but varies from the equator to the pole. 
Precise differential-leveling computations must 
accommodate that difference. 

It is not possible or practical to cover all 
aspects of geodesy in one chapter of this sur­
veying handbook. Therefore, the remainder of 
this chapter will be devoted to (1) a brief 
history of geodesy, (2) artful applications of 
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geometrical geodesy, and (3) one brief section 
each on physical and satellite geodesy. 

13-4. HISTORY OF GEODESY 

Who first pondered the extent of the earth 
beyond the horizon? Who first realized infer­
ences about out planet could be drawn from 
star observations? Although answers to these 
questions can only be conjectured, it is known 
that Pythagoras (b. 582 B.C.) declared the earth 
to be a globe, and Aristotle (384-322 B.C.) 
concluded that the earth must be spherical. 
However. an Alexandrine scientist named Er­
atosthenes (276-195 .c) is given credit for first 
determining the earth's size; admittedly, his 
measurements were crude by today's standard, 
but the method correct for this assumption of 
a spherical earth. The length be obtained for 
the earth's circumference was only about 16% 
too large. 

Little was recorded about geodesy from the 
time of Eratosthenes until after the Middle 
Ages. However, a new epoch of geodesy began 
in the early 1600s with the invention of tele­
scopes, publication of 14-place logarithms, and 
applications of triangulation to arc measure­
ment. Later developments include the theory 
of gravity, differential and integral calculus, 
standardization of lengths and techniques of 
least-squares adjustment. 

Figure 13-3. Gravity, the vector sum of 
gravitational attraction and centrifugal 
force. 

In 1615, a Dutchman, Willebrord Snellius, 
measured an arc over 80 mi long with a series 
of 33 triangles. The distance he obtained for 
the earth's radius was too small by about 3.4%. 
Next a Frenchman, Jean Picard, measured an 
arc on the meridian through Paris in 1669-70 
and obtained a length for the earth's radius 
too large by only 0.7%. 

Later, Picard's work was extended north to 
Dunkirk and south to Collioure by the Cassini 
brothers. The total latitude difference from 
Dunkirk to Collioure is 8°20', but the arc was 
completed in two segments: the parts north 
and south of Paris. The length of one degree 
of latitude-and subsequently the earth's ra­
dius-for the northern part was found to be 
shorter than for the southern one. Hence, 
based on the triangulation arc through Paris, 
the Cassini brothers concluded, and even in­
sisted, that the earth is not a sphere but elon­
gated at the poles. 

In 1687, Issac Newton published his law of 
gravitation, in which he stated that the earth is 
flattened at the poles; Figure 13-3 illustrates 
his logic. The force of gravity experienced by a 
plumb bob near the earth's surface is the 
vector sum of gravitational attraction and cen­
trifugal force due to the earth's rotation. A 
level surface (sea level) is always perpendicular 
to the direction of the gravity vector, and a 
plumb bob points toward the earth's center 
only if the observer is standing at the equator 

Gravitational attraction 

Centrifugal force 

Gravity 

SP 



or poles. Realizing this, Newton concluded 
that the earth must be a rotational ellipsoid 
flattened at the poles. 

An ensuing dispute between the British (fol­
lowers of Newton) and French (Cassini follow­
ers) regarding the earth's true shape was set­
tled by two geodetic surveying expeditions 
sponsored by the French Academy of Science. 
In 1735, the first party went to the equatorial 
region of Peru (present-day Ecuador) to make 
arc measurements. In 1736, the second party 
went to the northern latitude of Lapland (pre­
sent-day Finland). Results of the expeditions 
showed quite conclusively that the earth is 
flattened at the poles as stated by Newton (see 
Figure 13-4). 

The lack of a universal length standard was 
a problem that plagued early geodesists and 
still affects modern interpretation of early ef­
forts. In the late 1700s, two Frenchmen, De­
lambre and Mechain, were charged with de­
termining the meridian arc distance, equator 
to pole, as accurately as possible. That distance 
was then set as 10 million meters, the length 

NP 

SP 

(a) 
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standard now accepted worldwide. Table 13-1 
shows the values for early measurements of the 
earth's size and shape, ending with results 
obtained by Delambre and Mechain. 

Since the early 1800s, there have been nu­
merous determinations of the earth's size and 
shape, and some are still in use (Table 13-2). If 
the earth was truly a homogeneous rotating 
fluid as postulated by Newton, one would ex­
pect the numbers in Table 13-2 to agree better 
than they do. However, since the internal den­
sity of the earth is not uniformly distributed, a 
"best-fitting" ellipsoid for any area of the earth 
will not necessarily be best fitting elsewhere. 
Consequently, practical applications of geodesy 
to survey control networks have been based on 
different ellipsoids, depending on the part of 
the world (or continent) in question. The 
Clarke Spheroid of 1866 was used as the refer­
ence ellipsoid for geodetic datums in the 
United States from 1879 to 1983 (Table 13-3). 

With the advent of satellite triangulation 
and Doppler point-positioning, it has become 
possible to obtain parameters of an earth-

NP Lapland arc 

SP 

(b) 

Figure 134. Comparison of Cassini arcs in France and the arcs in Lapland and Peru. (a) Cassini's prolate 
spheroid. (b) Newton's oblate spheroid. 
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Table 13-1. Early determinations of the earth's size and shape 

Investigator 

Eratosthenes 
Willebrord Snellius 
Jean Picard 
Cassini Brothers 
French Academy of Science 
Delambre and Mechain 

Approximate 
Date 

200BC 
AD 1615 

1670 
1700 
1750 
1800 

Meridian 
Quadrant 

Arc Length (m) 

11,562,500 
9,660,000 

10,009,081 
10,042,652 
10,000,157 
10,000,000 

Flattening 

-1 :66 
1: 310.3 
1: 334 

SourCl!: I. I. Mueller and K. H. Ramsayer. 1979. Introduction to Surveying. Frederick Ungar Publishing Co .• New York, p. 148. 

Table 13-2. Ellipsoids and area where used 

Semimajor 
Name Axis(m) l/j Used in 

Everest 1830 6 377 276.345 300.801 7 India 
Bessel 1841 6 377 397.155 299.152 8 China,Japan, Germany 
Clarke 1866 6 378 206.4 294.978 7 North and Central America 
Modified Clarke 1880 6 378 249.145 293.465 Africa 
International 1924 6 378 388 297 Europe 
Krasovskiy 1942 6 378 245 298.3 Former Soviet Republic and adjacent countries 
Australian National 1965 6 378 160 298.25 Australia 
South American 1969 6 378 160 298.25 South America 

SourCl!: I. I. Mueller and K. H. Ramsayer. 1979, Introduction to Surveying, Frederick Ungar Publishing Co., New York, p. 148. 

Table 13-3. Geodetic datums used in the United States 

Year 
Datum Name Adopted Reference Ellipsoid Remarks 

New England Datum 1879 Clarke 1866 First official U.S. Datum, 
a = 6,378.206.4 m datum origin: station 
b = 6,356,583.5 m Principo in Maryland 

U.S. Standard Datum 1901 Clarke 1866 Datum origin moved to 
Meades Ranch in Kansas 

Nm-th American Datum 1913 Clarke 1866 A name change only to 
reflect adoption by 
Canada and Mexico 

Nm-th American Datum 1927 Clarke 1866 A general readjustment 
oj 1927 holding location of 

station Meades Ranch 
Nm-th American Datum 1983 Geodetic Reference An extensive 

oj 1983 System of 1980 readjustment on a new 
a = 6378137.000 In reference ellipsoid having 
l/j = 298.257222101 its origin at the earth's 

center of mass 



centered ellipsoid based on a global best fit. 
The Nurth American Datum of 1983 is a com­
prehensive readjustment of the North Ameri­
can continent geodetic horizontal-control net­
works. The various national systems are tied to 
a worldwide geometric satellite network com­
puted on the new ellipsoid, the Geodetic Ref­
erence System of 1980, adopted by the 17th 
General Assembly of the International Union 
of Geodesy and Geophysics Meeting in Can­
berra, Australia, December 1979. The adop­
tion and use of an earth-centered ellipsoid 
make accurate global mapping possible. Addi­
tionally, the geodetic position of any point is 
fixed, working "from the whole to the part" 
on a global scale. 

13-5. GEOMETRICAL GEODESY 

13-5-1. Geometry of the 
Ellipsoid 

As stated in Section 13-3, the ellipsoid is 
obtained by rotating an ellipse about its minor 
axis. The minor axis coincides with the earth's 
spin axis; the major axis sweeps out an equato-

z 

SP 

(a) 
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rial plane as the ellipse is rotated. Any cross 
section of the ellipsoid containing both poles 
is a meridian section and shows the form of the 
original ellipse as illustrated in Figure 13-5a. 
The meridian section through Greenwich, 
England, Figure 13-6, is taken as the reference 
meridian. All other meridians are tied to this 
prime meridian by their longitude, the angular 
difference between meridian sections Figure 
13-5b. Longitude starts with 0° at the prime 
meridian and increases eastward to 360° for a 
complete revolution. However, it is common 
practice in the Western Hemisphere to use 
longitude increasing westward from Greenwich 
to 1800W at the international date line. A word 
of caution: If west longitude is employed, it 
should be so noted to avoid confusion with the 
higher practice of east longitude 0 to 360°. 

A position on a meridian is defined by its 
geodetic latitude, the angular distance north or 
south of the equator. The geodetic latitude 
goes from 900S ( - 90°) at the South Pole to 
900 N (+ 90°) at the North Pole. As shown in 
Figure 13-5a, the nurmal is perpendicular to 
the ellipse tangent and goes from a point of 
tangency to the spin axis. The angle 4J that a 

(b) 

F.gure 13-5. Comparison of meridian section ellipse (a) and rotational ellipsoid (b). 
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Figure 13-6. Astraddle prime meridian in Greenwich, England, (Courtesy of Engineering 
Surveys Ltd., West Byfleet, England.) 

normal makes with the equatorial plane is the 
point's geodetic latitude. 

There is also an orthogonal three-dimen­
sional coordinate system associated with the 
ellipsoid (Figure 13-5b). The origin is at the 
intersection of the spin axis and equatorial 
plane. A two-dimensional XY-plane lies in the 
equatorial plane with the positive X-axis point­
ing toward the prime meridian. The Y-axis is 
at longitude 900 E and the positive Z-axis points 
toward the North Pole. For this reason, the 
following discussion of a two-dimensional el­
lipse will be in terms of the XZ prime-meridian 
plane instead of an XY-plane commonly used 
for two-dimensional coordinates. 

13-5-2. The Two-Dimensional 
Ellipse 

A two-dimensional ellipse is a conic section 
described as the path of a point moving in a 
plane, so the total distance to two points, called 
foci, remains constant. The equation of an 
ellipse in the XZ-plane is given by 

(13-1) 

where a is the ellipse semimaJor axis and b 
the semiminor axis. 



Flattening of the ellipse and its eccentricity 
are defined in terms of a and b as 

(a - b) b 
flattening f = = 1 -- (13-2) 

a a 

Va 2 -b2 
(13-3) eccentricity e = 

a 

Va 2 - b2 
(13-4) second eccentricity e' = 

b 

Two parameters are required to define an 
ellipse. Previously, the semimajor axis a and 
semiminor axis b have been used; however, an 
ellipse can be defined equally well by a and e, 
e', or J. Current practice defines the ellipsoid 
size and shape with the semimajor axis a and 
reciprocal flattening l/f. Given these two pa­
rameters, the eccentricity and semiminor axis 
are 

e2 = 2f- f2, e =.fe2 
b =a(1 -f) =a~ 

(13-5) 

(13-6) 

Equations (13-5) and (13-6) are obtained by 
substitution and the algebraic manipulation of 
(13-2) and (13-3). 

Construction of an Ellipse 

There are three ways to construct an ellipse 
of any size and shape. The first method is a 
mechanical one using a piece of string and a 
pencil. Since the sum of the distances from 
each focus to a point on the ellipse is constant, 
a curve can be drawn by anchoring the string 
ends at the foci, taking up the slack with a 
pencil, and tracing one-half of the ellipse while 
keeping the string taut. The second half is 
drawn by taking up the slack in the opposite 
direction, rather than wrapping the string 
around one focus. The following items are 
illustrated in Figure 13-7: 

1. Total string length is twice the ellipse semi­
major axis is shown by the pencil being 
positioned at point PI. 
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PI 

SP 

Figure 13-7. Mechanical construction of ellipse: String 
method. 

2. Separation of the foci from the origin deter­
mines the minor axis length. If both foci are 
at the origin, the semiminor and semimajor 
axes are identical, so the ellipse becomes a 
circle (e = 0). If the two foci are separated 
so the string becomes taut, the semiminor 
axis length goes to zero and the ellipse de­
generates to a straight line (e = 1). 

3. Stopping the pencil at point P2 on the mi­
nor axis produces a symmetrical figure, and 
the distance from each focus to P2 is a, 
one-half the total string length. The result­
ing right triangle is solved for the distance 
focus to origin as Va 2 - b2 • 

Sina= ----
a 

from Figure 13-7 is the same as e, the eccen­
tricity (a is the angular eccentricity). Note: 
The distance between each focus and the 
origin is given by the product ae. 

The second method of constructing an el­
lipse is a graphical one. First, two circles are 
drawn. The radius of the outer circle is a and 
the inner one b. Next, any number of radial 
lines are drawn as shown in Figure 13-8. Fi­
nally, lines are drawn parallel to the X-axis 
from the intersection of the radial line and 



280 Geodesy 

Z 

Figure 13-8. Graphical construction of ellipse showing 
parametric (reduced) latitude. 

inner circle and parallel to the Z-axis from the 
intersection of the radial line with the outer 
circle. The intersection of these two lines from 
the same radial line falls on an ellipse, which is 
formed by plotting a sufficient number of 
points and "connecting the dots." Two ellipse 
properties illustrated in Figure 13-8 are as 
follows: 

l. The angle between the equatorial plane (X­
axis) and radial line is the parametric latitude 
~. In some geodetic literature it is called 
"reduced latitude." 

2. The X- and Z-coordinates of a point on an 
ellipse are given, respectively, by 

X=acos~ and Z = b sin ~ (13-7) 

The third and perhaps the most efficient 
method of constructing an ellipse is to com­
pute X- and Z-coordinates for a sufficient 
number of points and plot them directly. Co­
ordinates are computed using a, the semima­
jor ellipse axis; e2, the eccentricity squared; 
and cfJ, the geodetic latitude of a point. The 

following are equations for X and Z: 

a cos c/J 
X = -------::-= 

(1 - e2 sin c/J)1/2 
(13-8) 

a(1 - e2 ) sin c/J 
Z=-----~ 

(1 - e2 sin2 c/J) 1/2 
(13-9) 

Important ellipse properties in Figure 13-9 
are as follows: 

1. It is doubly symmetrical. Coordinates need 
to be computed for one quadrant only. 

2. N, the normal, goes from the ellipse to the 
spin axis. 

3. The normal length is X/cos c/J. Using Equa­
tion (13-8), we can write it as 

a 
N = 1/2 (13-10) 

(I - e2 sin2 c/J) 

Three Types of Latitude 

Three types of latitude are routinely en­
countered in geometrical geodesy. Geodetic 
latitude and parametric latitude have already 
been discussed. The third one is geocentric 
latitude. "', the angle between the equatorial 
plane and a line from the ellipse center to a 
surface point (Figure 13-10a). Tan rfJ is ob­
tained directly as Z/X. The geocentric lati­
tude, geodetic latitude, and parametric lati­
tude are related by substituting values of X 
and Z as contained in Equations (13-7), (13-8), 
and (13-9). 

Z bsin~ 
TanrfJ= - =--

X acos~ 

b 1/2 
= - tan ~ = (I - e2 ) tan ~ (13-11) 

a 

Z 
Tan rfJ=­

X 

a(1 - e2)sin c/J/O - e2 sin2 c/J)1/2 

a cos c/J/(1 - e2 sin2 cf»1/2 

(13-12) 
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Figure 13-9. Mathematical construction of ellipse. 

Equations (13-11) and (13-12) can be sum­
marized as 

Tan'" = (I - e2)1/2 tan f3 

= (I - e2 )tan cP (11-13) 

Comparison of Equation (13-13) with Figure 
13-lOb shows that the three latitudes are iden­
tical at the equator and poles. Between the 
equator and poles, the geocentric latitude is 

Equator 

z 
NP 

SP 

(a) 
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smaller than the parametric and geodetic lati­
tudes, whereas the geodetic latitude is larger 
than either the geocentric or parametric lati­
tudes. The maximum difference between 
geodetic and geocentric latitude occurs when 
the former is more than 45°, while the latter is 
smaller than 45°. 

Radius of Curvature in Meridian Section 

If the meridian section was spherical-i.e., 
if e equals zero-the ellipsoid would be a 
sphere and the radius of curvature the same at 
any point. Since the meridian section is an 
ellipse, its radius of curvature is not constant, 
but changes with increasing latitude. The ra­
dius of curoature M at any point in the meridian 
section is obtained by taking the first and 
second derivatives of Equation (13-1) and sub­
stituting those expressions in the general 
equation for radius of curvature given in 
Equation (13-14). 

[ ( dZ )2]3/2jd2Z 
M=l+- --

dX dX 2 

z 

NP 

SP 
(b) 

(13-14) 

x 

Figure 13-10. Types of latitude. (a) Geocentric latitude. (b) Comparison of latitudes. 
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The result is Equation (I3-15), which gives the 
meridian radius of curvature for a specific 
ellipse at any geodetic latitude. 

(13-15) 

Length of Meridian Arc 

Early determinations of the earth's size were 
made by measuring a portion of a meridian 
arc and comparing that length to the angle 
subtended at the earth's center. (The angle 
was usually found by astronomical observa­
tions.) Different values for the length of one 
degree of arc at various latitudes implied that 
a meridian section of the earth was ellipsoidal. 
Having selected an ellipsoid as a model for the 
earth, we compute the arc length by integrat­
ing the differential geometry elements in Fig­
ure 13-11, where the arc length of differential 
elements dS equals the instantaneous radius of 
curvature M times the differential change in 
geodetic latitude d1J (d1J in rad). 

dS = Mdcf> (13-16) 

z 
NP 

SP 

Figure 13-11. Differential elements of meridian arc 
length. 

Meridian arc length from one latitude to 
another is obtained by integrating Equation 
03-17) between selected limits. 

(13-17) 

The value of M from Equation 03-15) is 
substituted in Equation 03-17) and the con­
stant portion moved outside the integral to get 

Equation (I 3-18) is an elliptical integral and 
cannot be integrated in closed form-i.e., the 
expression inside the integral must be ex­
pressed in a series expansion containing ever­
smaller terms that can then be integrated indi­
vidually. A solution is obtained by including all 
those terms that make a difference in the 
answer to the accuracy desired. Terms beyond 
those are dropped. 

Evaluation of the series expansion of an 
elliptical integral gives the meridian arc length 
of a specified ellipsoid as 

c 
+ - (sin 4cf>2 - sin 4cf>\) 

4 

D 
- - (sin 6cf>2 - sin 6cf>\) 

6 

E 
+ -(sin8cf>2 - sin8cf>\) 

8 

- ~(sin 10cf>2 - sin lOcf>\)] (13-19) 
10 
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where 

3 45 175 11 ,025 43,659 
A = 1 + -e2 +-e4 + -e fi + --e8 + ---elO + ... 

4 64 256 16,384 65,536 

3 15 525 2205 
-e2 + _e4 + -e6 + --e8 

72,765 
B= + ___ e lO + ... 

4 16 512 2048 65,536 

15 105 2205 
-e4 + -e fi + --e8 

10,395 
c= + ___ e10 + ... 

64 256 4096 16,384 

35 315 31,185 
-e fi + --e8 + elO + ... 

131,072 
D= 

512 2048 

E= 

F= 

Note: In Equation (13-19), the latitude dif­
ference in the A coefficient term is in radian 
units. Also, if limits 0 and 90° are chosen for 
cPj and CP2' the length of a meridian quadrant 
IS 

(13-20) 

Other methods for computing meridian arc 
length expand the elliptical integral in terms 
of e,2 instead of e2 as listed here. 

13-5-3. The Three-Dimensional 
Ellipsoid 

Elements of a two-dimensional ellipse have 
been discussed, but the earth is three-dimen­
sional. Point position on an ellipsoid surface is 
defined by three-dimensional coordinates or 
by latitude and longitude (Figure 12-5b). Given 
a point on an ellipsoid surface, there are sev­
eral three-dimensional elements to be consid­
ered. 

The Normal Section 

A normal section is created by intersecting a 
plane containing the normal at a point and 
the ellipsoid. The plane, which can be ori-

315 3465 
--e8 + ---e lO + ... 
16,384 65,536 

693 ___ elO + ... 
131,072 

ented in any azimuth, is sometimes illustrated 
as the vertical plane that rotates about a 
theodolite's standing axis. (This is correct if 
the deflection of the vertical is zero. The 
standing axis of a theodolite is perpendicular 
to the geoid, but the normal is perpendicular 
to the ellipsoid. The difference is the deflection 
of the vertical.) A normal section having an 
azimuth of 90° (or 270°) at a point defines the 
prime vertical plane through it. The "normal" 
computed by Equation (13-10) is the prime 
vertical instantaneous radius of curvature. The 
normal section radius of curvature at a point 
on the ellipsoid in any azimuth is given by 
Euler's theorem, as follows: 

MN 
R = --o:-----~ 

a M sin2 a + N cos2 a 

1 cos2 a sin2 a 
or -=--+--

Ra M N 
(13-21) 

where M is the radius of curvature in the 
meridian section, N the radius of curvature in 
the prime vertical, and a the normal section 
azimuth. 

Radius of curvature properties for normal 
sections in various azimuths include: 

1. Ra = M for a normal section in azimuth 0°. 
2. Ra = N for a normal section in azimuth 90°. 
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3. R 30, = R 150, = R 210, = R330, due to symme­
try. (Values of Rex repeat mirror-fashion with 
respect to both axes throughout all four 
quadrants.) 

4. Values of Rex will always be greater than M 
and smaller than N. 

As the geodetic latitude changes, the lengths 
of M and N also change. Note what happens 
to values of M and N at the equator and 
poles. For the equator, substitute 0° in Equa­
tions (13-10) and (13-15). 

a 
No, = = a 

(l - e2 sin2 0°)1/2 

At a pole, substitute ± 90° in Equations (13-10) 
and (13-15). 

a 

(I - e2 )1/2 b 

a(I - e2 ) 

It is obvious that M and N are equal at the 
poles, because the prime vertical of a given 
meridian is itself a meridian section. The ellip­
soid radius of curvature at the poles is the 
same in all azimuths. 

a 2 

c = - = the polar radius of cuIVature (13-22) 
b 

Length of a Parallel 

A paralkl of constant latitude on the ellip­
soid describes a small cicle, as opposed to a 
great circle, whose plane is parallel to the 

equatorial plane. A parallel crosses all meridi­
ans at a 90° angle (Figure 13-12a) and is a 
circle whose radius equals N cos cp (Figure 13-
12b). Since a parallel is a circle, its length is 
simply 27Tr. Partial length of parallel Lp can 
be computed as a proportionate part of the 
total circumference or calculated directly as a 
product of the radius (r = N cos cp) times the 
subtended angle in radians. The subtended 
angle is the longitude difference between 
meridian sections. 

Ellipsoid Surface Area 

Ellipsoid surface area is computed by inte­
grating the differential-area elements in figure 
13-13. The differential area dA is the product 
of the differential meridian length times the 
differential parallel length. Area is obtained by 
performing a double integration of Equation 
(13-24). 

dA = (M d cp)(N cos cp dA) or 

fA2f'h Area = MN cos cp dcp dA 
A, <P, 

(13-24) 

Previous expressions for M and N, Equa­
tions (13-15) and (13-10), are substituted into 
Equation (13-24) and a double integration 
performed to obtain 

+~ln(1+esincp)]<P2 (13-25) 
2 e 1 - e sin cp <PI 

Equation (13-25) will give the ellipsoid sur­
face area for any block defined by latitude and 
longitude limits. The entire ellipsoid surface 
area is computed by choosing limits of longi­
tude from 0 to 217 radians and latitude limits 
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Figure 13-12. Length of a parallel. (a) Parallels and meridians. (b) Radius of a parallel. 

from - 90° at the South Pole to + 90° at the 
North Pole 

Total area = 2'lTa2(1 - e2 ) 

X --+-In--[ 1 1 (l+e)] 
I - e2 2e 1 - e 

(13-26) 

The Geodetic Line 

The shortest distance between any two sur­
face points on an ellipsoid is the geodetic line, 

Figure 13·13. Computation of ellipsoid surface area. 

also known as the geodesic. The geodetic line 
on the ellipsoid surface is analogous to a great 
circle arc on a sphere. When a geodetic line is 
drawn on a rectangular graticule of meridians 
and parallels, it appears as a curved line simi­
lar to a great circle. 

Starting on the equator and traversing a 
geodetic line to the antipok (the point 180° 
from the beginning point), the route would go 
across either the North or South Pole and 
follow a meridian exactly. If the terminal point 
is several kilometers east or west of the an-

jr------I-_ CPl 

Mdcp dA 

~'N7;-c-O-S -:"CP-dA~-- CPt 
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tipole, the geodetic line will not pass over 
either pole, but will reach some maximum (or 
minimum) latitude, where it will cross the 
meridian at 90°. Note also that if the geodetic 
line does not follow a meridian, it will cross 
the equator at some azimuth other than 0°. As 
the azimuth at the equator increases, the max­
imum latitude reached decreases (Figure 13-
14), until the geodetic line stays on the equa­
tor. 

Given a point on the equator, the shortest 
distance to the antipole is a geodetic line over 
a pole. The shortest distance to the lift-offpoint 
is along the equator (Figure 13-14). Any point 
between the antipole and lift-off point is 
reached following a geodetic line crossing the 
equator between 0 and 90°C; for the earth, the 
lift-off point is approximately 34 km from the 
antipole. Except for the geodetic line follow­
ing a meridian or equator, the azimuth 
changes continuously with respect to the 
meridian it crosses. The azimuth of a geodetic 
line can be determined at any point of known 
latitude by using Clairaut' s constant, defined as 

N cos cP sin a = K (Clairaut's constant) (13-27) 

Given the latitude of a point and geodetic 
line azimuth at the point, Clairaut's constant is 

t 

Equator 

Lift-off point 

34 km (approx.)----.t 

Figure 13-14. Geodetic lines around the earth. 

computed. That result is then used at other 
latitudes to solve for the geodetic line azimuth 
there. For example, in Figure 13-15, the lati­
tude of point A is 42°15'28".17621, point B is 
42°20'16".96171, and the geodetic line az­
imuth at point A is 55°16'28".12. With the 
GRS 1980 ellipsoid (a = 6378137.0 m, e2 = 
0.006694380023), and Equation (13-10) for N, 
Clairaut's constant is computed as 

a 
------:-1/=2 cos CPA sin aA 
(1 - e2 sin CPA) 

3,879,837.711 m 
= 0.9984852096 = 3,885,723.768 m 

The geodetic line azimuth at point B is 
obtained by rewriting Equation (13-27) as 

Clairaut's constant 
sin aB = ------­

NB cos cP 

3,885,723.768 m 
----- = 0.8229341778 
4,721,791,697 m 

The azimuth at point B is 55°22'46".57. 
The geodetic line azimuth difference between 
points A and B is due to convergence of the 
meridians. Therefore, Clairaut's constant and 

Equator 
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B ~B 

Figure 13-15. Geodetic line crossing meridians. 

the geodetic line can be used to compute 
convergence between points. 

Covergence (A ~ B) 

= aB - aA = 000006'}8".45 

Equations for convergence typically involve 
an approximation using the midlatitude of the 
line between points A and B. Clairaut's con­
stant and a geodetic line provide a closed-for­
mula method for determining convergence 
between points. 

The maximum latitude reached by a geode­
tic line occurs where it crosses a meridian at 
90°. Since we know the value of Clairaut's 
constant for the line and that sin 90° = 1.0, it 
is possible to solve for the maximum latitude 
reached by a given geodetic line through writ­
ing Equation (13-27) as follows: 

Nmax cos <Pmax(l.O) 

= K (Clairaut's constant) 

from which-with considerable manipulation 
-the following can be written: 

Clairaut's constant is not a unique property 
of a geodetic line. The constant remains un­
changed along a parallel of latitude, although 
a parallel is not the shortest distance between 
two ellipsoid points. 

Comparison of Geodetic Line and 
Normal Section 

Due to a difference In direction of the 
normals at points A and B in Figure 13-16a, 
the normal section trace on the ellipsoid from 
A to B is different from the trace from B to 
A. The geodetic line between points A and B 
is not the trace of either normal section be­
tween the points. The geodetic line shown in 
Figure 14 when reverses its curvature only 
when it crosses the equator. Ho~ever, when 
comparing the geodetic line with normal sec­
tion traces between the points, it is impossible 
to show the geodetic line without giving it a 
double curvature (Figure 12-16d. The differ­
ence between a geodetic line azimuth A g and 
the normal section azimuth An is given to a 
close approximation by 

K 

where e is the eccentricity of the ellipsoid, S 
the distance from point A to B, ~m the mean 

(13-28) latitude of line, and NA the normal at point 
A. 



288 Geodesy 

(a) 

ber 1980 issue of Surveying and Mapping. 1 Their 
method utilizes the numerical integration of 
differential geometry elements shown in Fig­
ure 13-17. Clairaut's constant is used to deter­
mine the correct azimuth of each geodetic 
line element. 

Although numerical integration may not be 
as quick as other methods for short lines, it is 
superior because any desired level of accuracy 
can be obtained regardless of line length. This 
is achieved by choosing a sufficiently small 
differential length element and programming 
a calculator or computer to do the repetitive 
calculations. According to Jank and Kivioja, 
centimeter accuracy can be expected for 
length elements up to 2 km long. If length 
elements are kept smaller than 200 m, mil­
limeter accuracy can be attained. 

Geodetic line The following Puissant Coast and Geodetic 

A 

" \ Ag 

Survey formulas, used for geodetic direct and 
B inverse computations, are quite accurate for 

lines up to 60 mi long. 

\ A \ 
\ 
\ 
\ 
\ 
\ 

(b) 

Figure 13-16. Comparison of normal plane curves and 
geodetic line. (a) Normal plane curves on the reference 
ellipsoid. (b) Normal plane curves: from A to B and B to 
A. (d The geodetic line between A and B. 

13-5-4. Geodetic Position 
Computation 

A geodetic line can be used to compute the 
latitude and longitude of a point, given the 
distance and direction from a known point. 
The procedure is a geodetic direct computation. 
Geodetic inverse is employed to compute the 
distance and direction between points when 
the latitude and longitude of both are given. 
Details for performing both the "direct" and 
"inverse" geodetic position computations are 
presented by Jank and Kivioja in the Septem-

Geodetic Direct 

Given the latitude and longitude (CPI' CP2) 
of point 1, a geodetic line azimuth from north 
through point 1, a l and the distance S in 
meters along the geodetic line to point 2, find 
the latitude, longitude, and azimuth of the 
geodetic line at point 2. 

!J..4>" = SB cos a l - S2C sin2 a l 

- D(!J..4>,,)2 - hS2E sin2 a l (13-30) 

where 

B = p/M1 (sec per m) 

h = SB cos a l (sec) 

p tan 4>1 
C = ---:. 

2MINI 
(sec per m 2 ) 

3e2 sin 4>, cos 4>1 
D = (per sec) 

2 pO - e2 sin2 CPI) 
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~/ _________ ~+N_C:..:O:.:..S ..:.q,~.1?~rf£-_-- 4>2 

~ .18 
-$- N cos q, .1~ 
:<I 
~ .18 

-$- N cos q, ~ 
:<I 
~ .18 

Figure 13-17. Differential elements of geodetic line computation. 

The constants h, B, C, D, and E are com- ing: 
puted using p = 206264.8062470964 sec per 
rad, M [Equation (13-15)] is the radius of 
curvature in the meridian, N [Equation (13-
10)] the normal, and e2 the ellipsoid eccen-
tricity squared. Note that d q," appears on 
both sides of Equation (13-30), requiring an 
'iterative solution. Use .1. q," = zero for the first 
iteration. 

With the latitude of point 2 known, the 
longitude is calculated. 

A2 = AI + fl.A (east longitude) 

The azimuth from point 2 back to point 1 
can be computed using Clairaut's constant; 
however, the Puissant formulas use the follow-

where 

fl.A" sin <p 
/let" = (/lri»'" 

cos -
2 

3 sin ri>", cos2 ri>". 
+(/lA") (13-32) 

p 

Geodetic Inverse 

Given the latitude and longitude of two 
points, it is required to find the geodetic line 
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azimuth at each point and the distance from 
one to the other. 

and ,H 

= A2 - Al (east longitude) 

!1 A" N2 cos2 e/>2 . 
X = = SSln a 1 

p 

1 
Y = -[!1e/>" + Cx 2 +D(!1e/>,,)2 

B 

+E(!1e/>")x 2] = Scos a 1 

S sin a l x 
tan al = = - (from north) (13.33) 

Scos al Y 

S = "';x 2 + y2 (in meters) 

13-6. GEODETIC DATA 
TRANSFORMATIONS 

13-6-1. Use of a Model 

(13-34) 

This section discusses how geodetic direc­
tions and distances on the ellipsoid are ob­
tained from field measurements. Since the el­
lipsoid is an abstract mathematical model, the 
data must be transformed from the actual 
measurement configuration to its equivalent 
representation on a model. The distance 
transformations shown in Figure 13-18 is an 
example. The measured slope distance must 
be transformed to an equivalent distance on 
the reference ellipsoid (the model) before it is 
used in a geodetic position computation. 

13-6-2. Target Height 
Correction 

When a target is sighted through a theodo­
lite, the direction to it is the normal section 
azimuth from instrument to the target. If the 
target is not on the ellipsoid, there will be a 
difference in directions to it and to the station 
on the ellipsoid. The difference occurs be­
cause the normals at the target and theodolite 
are not parallel (Figure 13-19). The situation is 
analogous to sighting the top of a range pole 

that is not held plumb over a point. A correc­
tion to the observed direction can be com­
puted from Equation (13-35), as follows 

(13-35) 

where p = 206264.8062470964 sec of arc per 
rad, h is the target height above the ellipsoid, 
e2 the ellipsoid eccentricity squared, <P the 
geodetic latitude of instrument station, Cl the 
normal section direction from point 1 to point 
2, and Clh the normal section direction from 
point 1 to the target elevated above point 2. 

Note the following items regarding the use 
of Equation (13-35): 

1. The sign of the correction !1 a" is deter­
mined by sin 2 ah • It is positive if the target 
is in the NE or SW quadrants and negative 
for the SE and NW quadrants. 

2. Theodolite elevation is immaterial because 
the standing axis contains the vertical, and 
the instrument measures the dihedral angle. 

3. The correction for target height is quite 
small (± 0".5) for elevations under 4000 m, 
but could be significant on precise surveys if 
targets are located on high mountaintops. 

13-6-3. Deflection-of-the-
Vertical Correction 

As shown in Figure 13-20b, a normal is 
perpendicular to an ellipsoid, but a vertical is 
perpendicular to the geoid. Deflection of the 
vertical (also called deviation of the vertical) is 
the difference in directions of the normal and 
vertical. Deflection of the vertical at a point 
can be scaled from an accurate geoid map 
showing contours of the geoid for a given 
area. Figure 13-20a shows part of the Geoid 
Contour Map of the North American Datum of 
1927, printed by the U.S. Army Map Service.2 

The geoid is below the ellipsoid and slopes 
upward to the northeast, across central Ore-
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FIgUre 13-18. Elements of distance transformation. 
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(b) 

Figure 13-19. Difference in direction due to height of target. (a) Target height above ellipsoid. (b) Difference 
in observed azimuth due to height of the target. 
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YJgUre 13-20. (a) Slope of geoid across the state of Oregon. (b) Deflection of the vertical. (Geoid Contours in North 
America; 1967 Washington D.C.; U.S. Army Map SeIVice.) 

gon. It rises 4 m in a scaled distance of 115 
km. The azimuth of a line perpendicular to 
the geoid contours-the direction water would 
flow-scales 262°. From this data, approxi­
mately three significant figures, the total de­
flection of the vertical is 7.17 sec, and the NS 
and EW components are determined. 

NS: xi = ~ = 7" .17 cos(262°) = -I" .00 

EW: eta = TJ = 7" .I7sin(262°) = -7" .10 

By convention, if the vertical above a 
theodolite is deflected into the northeast 
quadrant, both components are positive. Stated 
differently, if the geoid slopes upward to the 
north and east as in Figure 12-20b, both com­
ponents are negative. 

Deflection of the vertical is actually defined 
and determined using gravity measurements 
and physical geodesy techniques. The geoid 
map is compiled from aggregate deflection­
of-the-vertical data and gravity measurements 
over the entire geodetic control network. 

Geodetic scientists compile geoid maps and 
geodetic surveyors use geoid maps to relate 
geographic positions determined from astro­
nomical observations to the point's geodetic 
position. 

Equations (13-36), (13-37), and (13-38) give 
the relationships between astronomical and 
geodetic latitude, longitude, and azimuth, as 
follows: 

A = A __ TJ_ 
cos cf> 

a=A-TJtancf> 

(13-36) 

(13-37) 

(13-38) 

where c/J is the geodetic latitude, A the geode­
tic longitude, a the geodetic azimuth, <I> the 
astronomical latitude, A the astronomical lon­
gitude, A the astronomical azimuth, ~ the NS 
component of deflection of the vertical, and 11 
the EW component. Thus, if astronomical ob­
servations are made for the geographic posi­
tion of a point, the geodetic latitude and lon-



gitude can be detennined using equations 
(13-36) and (13-37). Additionally, the geodetic 
azimuth of a nonnal section from theodolite 
to target can be obtained from the line's astro­
nomical azimuth using equation (13-38). 

The steps required to transform an ob­
served astronomical azimuth of a normal sec­
tion to the corresponding geodetic line azi­
muth are the following: 

1. Convert from the astronomical azimuth to 
the geodetic azimuth of the normal section, 
Equation (13-38). 

2. Correct the normal section azimuth for the 
height of target above the ellipsoid, Equa­
tion (13-35). 

3. Compute the geodetic line azimuth from the 
normal section azimuth, Equation (13-29). 

13-6-4. EDMI Distance 
Transformation to the 
~lIipsoid 

As shown in Figure 13-21, the slope distance 
measured at some elevation must be trans­
formed to its equivalent ellipsoid distance be­
fore being used in geodetic position computa­
tions. The method and formulas shown for 
distance transformation are adapted from Ap­
pendix I of Fronczek's "Use of Calibration 
Base Lines." 3 

The ray path of an electronic distance-mea­
suring instrument (EDMI) is not exactly a 
straight line. Due to electromagnetic wave re­
fraction by the atmosphere, the distance mea­
sured by an EDMI must be corrected for the 
ray-path curvature to obtain a straight-line 
chord distance before it is transformed to the 
ellipsoid. Symbols used in the distance trans­
formation are as follows: 

a = semi major axis of reference ellipsoid 
e2 = eccentricity squared of reference ellipsoid 
a = mean azimuth ofline, referenced to N or S 
cf> = mean latitude of line 

Hi = elevation of station 1 or 2 above the geoid 
AHi = theodolite or reflector height above the 

station mark 
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R. 

Figure 13-21. Transformation of measured distance to 
reference ellipsoid. 

N; = geoid height at station 1 or 2 (Note: In 
geodetic literature there is an unfortunate 
duplication in using the capital letter N to 
denote both the geoid height and radius of 
curvature in the prime vertical.) 

hi = instrument or reflector height above the 
ellipsoid 

M = radius of curvature in the meridian 
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N = radius of CUIvature in the prime vertical 
Ra = ellipsoid radius of cmvature in azimuth 01 

k = index of refraction (for light-wave instru­
ments k = 0.18, for microwave instruments 
k = 0.25) 

D. = observed slope distance corrected for tem­
perature, pressure, eccentricity, reflector 
constant, and electrical center of EDMI 

Dv = D. + I - second velocity correction 
Dc = chord distance at instrument elevations 
De = chord distance at ellipsoid surface 
D g = geodetic arc distance on the ellipsoid 

The algorithm to transform an EDMI dis­
tance to geodetic arc distance is 

a 

(N = radius of curvature) 

MN 
R = ----;:-----;;-­

a M sin2 01 + N cos2 01 

D - (k - k 2)D3 
D = • • 

v 12R! 

D = 2-sin -- --Ra [Dlk(180)] 
c k 2Ra 'IT 

(N = geoid height) 

h2 = H2 + I:lH2 + N2 

(13-15) 

(13-10) 

(13-21) 

(13-39) 

(13-40) 

(13-41) 

(N = geoid height) (13-42) 

13-7. GEODETIC DATUMS 

13-7 -1. Regional Geodetic 
Datums 

A geodetic datum is a mathematical model 
of the earth's figure on which geodetic com­
putations are based. A regional geodetic datum is 
one that "fits" and is intended to be used in a 
specific area. Mitche1l4 defines a geodetic da­
tum using geometrical geodesy concepts and 
the following five elements: 

I. a = semimajor axis of the ellipsoid 
2. b = semiminor axis of the ellipsoid 
3. cP = latitude of the initial point 
4. A = longitude of the initial point 
5. 01 = azimuth from initial point to another 

point 

Unstated in the definition are assumptions 
that the ellipsoid and geoid are coincident at 
the initial point, and the earth's spin axis is 
parallel to the ellipsoid minor axis. The North 
American Datum of 1927, with its initial point at 
Meades Ranch in Kansas and based on the 
Clarke Spheroid of 1866, is an example of 
such a datum. 

Further development and sophistication are 
reflected in Ewing and Mitche1l5 in which a 
regional geodetic datum is defined by: 

1. a = semimajor axis of the reference ellip­
soid 

2. f = flattening of the reference ellipsoid 
3. ~. = deflection of the vertical in the merid­

ian at the datum origin, ~. = «1>. - cPo 
4. 'T/. = deflection of the vertical in the prime 

vertical at the datum origin, 

'T/. = (A. - A.)cos «I> 

5. 01. = geodetic azimuth from the origin along 
an initial line of the network, 01. = A. -
'T/. tan «I> 

6. N. = geoid height at the datum origin-i.e., 
the distance between the reference and 
geoid 

7. The condition that the ellipsoid minor axis 
be parallel to the earth's spin axis 



The North American Datum of 1927 also fits 
this definition of a regional geodetic datum, 
with one exception-i.e., the initial azimuth 
from station Meades Ranch to station Waldo is 
published as 75°28'09".64, but orientation 
throughout the network is controlled by 
geodetic azimuth determinations utilizing as­
tronomical azimuths and deflection of the ver­
tical at numerous stations (such a station is 
Laplace station). 

The geoid height at station Meades Ranch 
was assumed to be zero in 1927, but subse­
quent observations and refinements in the 
network have shown residual components of 
deflection of the vertical exist there. Hence, 
the ellipsoid and geoid coincide at station 
Meades Ranch (No = 0), but the two surfaces 
are not tangent there. 

13-7 -2. Global Geodetic 
Datums 

A regional geodetic datum has an initial 
point on the ellipsoid surface and is chosen 
for its approximation to the earth's shape for a 
particular area or continental land mass, but a 
global geodetic datum has its datum point at the 
earth's center of mass and a reference ellip­
soid chosen on the basis of a global "best fit." 
Thus, points on any continent can be accu­
rately related to any other points throughout 
the world that are tied to the same global 
datum. 

Global and regional datums are not defined 
the same way. They both use a reference ellip­
soid, but since the earth's shape is actually 
determined by forces of gravitational attrac­
tion and centrifugal acceleration, those physi­
cal geodesy elements, along with others, are 

13-7 -3. Parameters of Selected 
Regional Geodetic 
Datums 
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employed to define a global geodetic datum. 
Moritz 6 gives the following as defining param­
eters of a global geodetic datum: 

1. The datum origin is located at the earth's 
center of mass 

2. The Z-axis is the direction of the Conven­
tional International Origin (CIa) defining a 
mean North Pole 

3. The X-axis is parallel to the zero meridian 
adopted by the Bureau International De 
L'Heure (BIH) and known as the Greenwich 
mean astronomical meridian 

4. A reference ellipsoid is defined by 
(a) a = the semimajor axis 
(b) GM = the geometric gravitational con­
stant (the Newtonian constant G times the 
mass M of the earth, including the atmo­
sphere 
(c) J2 = zonal spherical harmonic coeffi­
cient of second degree 
(d) w = earth's angular velocity 

Given the four physical geodesy parameters 
of a reference ellipsoid, the ellipsoid eccen­
tricity is computed using Equation (13-45), as 
follows: 

(1345) 

where 

2q = (1 + ~) arctan e' _ ~. e'2 = e
2 

o e'2 e" O-e2 ) 

Equation (13-45) has e, the eccentricity, on 
both sides of the "equals" signs, which means 
it must be solved iteratively even though it is in 
chosen form. 

1. North American Datum oj 1927: Clarke Spheroid of 1866 

a = 6,378,206.4 m b = 6,356,538.8 m 
CPo = 39°13'26".686 N Origin: Meades Ranch, Kansas, USA 
Ao = 98°32'30."506 W 
a o = 65"28'09".64 from origin to statIon Waldo 
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2. European Datum: IntemationalEllipsoid oj 1924 

I/J = 297.00 a = 6,378,388.0 m 

cPo = 52°22'51".45 N 
Ao = 13°03'58"74 E 

Origin: Helmert Tower, Potsdam, Germany 

3. Pulkovo Datum: Krassovski Ellipsoid of 1942 

a = 6,378,245 m l/f= 298.3 
cPo = 59°46'18".55 N 
Ao = 30°19'42".09 E 

Origin: Pulkovo Observatory, Leningrad, former Soviet republic 

4. Tokyo Datum: Bessel Elipsoid oj 1841 

a = 6,377,397.155 m 
cPo = 35°39'17".51 N 
Ao = 193°44'40".50 E 

I/J = 299.1528 
Origin: Tokyo Observatory, Japan 

13-7 -4. Parameters of Selected 
Global Geodetic 
Datums 

l. Geodetic ReJerence System of 1967 

a = 6,378,135 m 
GM = 3.98603*1014 m3/sec 2 

12 = 0.0010827 
w = 7.2921151467*10- 5 rad/sec 

} exact 

I/J = 298.247 (computed and rounded) 

2. World Geodetic System of 1972 

a = 6,378,135 m 

GM = 3.986005*1014 m3/sec 2 

12 = 0.001082616 
w = 7.2921151467*10- 5 rad/sec 

l/f = 298.26 (computed and rounded) 

3. Geodetic Reference System of 1980 

a = 6,378,137 m 
GM = 3.986005*1014 m3/sec 2 

12 = 0.00108263 
w = 7.29115*10- 5 rad/sec 
e2 = 0.006694380022903416 

l/f = 298.2572221008827 
e,2 = 0.006739496775481622 

f= 0.003352810681183637 
b = 6,356,752.314140347 
c = 6,399,593.625864032 

} 

} exact 

exact 

(computed to 16 
significant figures) 



13-8. PHYSICAL GEODESY 

13-8-1. Gravity and Leveling 
The study of physical geodesy concerns the 

earth's gravity field and spacing of equipoten­
tial surfaces. Due to the earth's eccentricity 
and gravity-field irregularities, vertical spacing 
between equipotential surfaces varies from 
point to point (Figure 13-22a). 

The equipotential surface most commonly 
known and understood is mean sea level, which 
serves as a reference datum for the elevation 
of points on or near the earth's surface. The 
vertical distance from mean sea level to each 
bench mark is its orthometric height, determined 
by applying an "orthometric height correc­
tion" to the differences in elevation observed 
along a given line of precise levels. It has been 
said that differential levels is the simplest sur­
veying concept to teach or understand, but 
the most difficult when considering long lines, 
high precision, and large differences in eleva­
tion. The orthometric height correction is one ] ;:: 
subtle concept that makes the statement true. ~ 

It is easy to accept orthometric height as a .5-
vertical distance from mean sea level to the $ 
equipotential surface, until one considers that 
the orthometric height of the water surface at 
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Equipotential surfaces 

SP 

Orthometric heights 

(a) 

Route "B" 

Route "A" 

(b) 

the south end of Lake Huron is 5 cm higher 
than the same equipotential surface at the 
north end. How can the same water surface 
have two heights, when a loop of precise levels 
around the lake shows no difference in eleva­
tion? Additional clarification is required. 

Another way to visualize the apparent dis­
crepancy is to observe, in Figure 13-22b, the 
difference in elevation between points 1 and 2 
by following low route A that is greater than 
along high route B. A loop from point 1 to 
point 2, along route A and back along route B, 
will fail to close because equipotential surfaces 
are not parallel. 

Figure 13-22. Orthometnc heights related to precise lev­
eling. (a) Equipotential surfaces. (b) Route-dependent lev­
eling. 

For the Lake Huron example, an orthomet­
ric-height correction must be computed and 
applied to obtain a geopotential number that 
is the same for the entire lake surface. For a 
precise level line, the orthometric height cor-

rection must be computed and applied to the 
observed differences in elevation to close the 
loop. This means that the correct difference 
in orthometric height between points 1 and 2 
can be determined, irrespective of the route 
taken between the two points. 

Orthometric height correction is a function 
of the force of gravity that, in turn, is related 
to the altitude, latitude, and longitude of a 
point. Hence, the further study of gravity and 
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physical geodesy is vitally important to control 
surveyors and geodesists concerned with pre­
cise elevations over large areas. Adequate 
treatment of the topic is beyond this chapter's 
scope. 

13-9. SATELLITE GEODESY 

13-9-1. Geodetic Positioning 
Although satellite geodesy is primarily con­

cerned with orbits of satellites and other 
spacecraft, the use of satellite signals and 
space-age technology for geodetic positioning 
has revolutionized geodetic surveying practice. 
In the past, the line of sight between points 
was required to make triangulation measure­
ments. However, with the launching of the 
Echo I satellite, intervisibility ceased to be crit­
ical because the satellite was photographed 
against a star background, simultaneously from 
two stations. Photographic images of the satel­
lite were then analyzed to obtain a geometri-

cal tie between the two stations. A worldwide 
geometrical satellite triangulation net was 
completed using the Wild BC-4 ballistic cam­
era system and Pageos satellites, but the pro­
gram was discontinued in favor of better all­
weather positioning systems. 

Doppler Positioning with the Transit 
System 

The next satellite positioning system to en­
joy worldwide application was the Doppler po­
sitioning system, utilizing signals from a group 
of five satellites in polar orbits having approxi­
mately 107-min periods. The satellites broad­
cast two very stable frequencies (150 and 400 
MHz), with orbital parameters and timing data 
phase-modulated on the signal. A stationary 
receiver on the ground (one type is shown in 
(Figure 13-23) receives a higher or lower fre­
quency, depending on whether the satellite is 
moving toward or away from the receiver. This 
observed change in frequency (the Doppler 
shift) from numerous satellite passes is ana­
lyzed to determine a control point's geodetic 

Figure 13-23. Magnavox MX 1502 geoceiver/satellite surveyor. Portable, battery-operated 
precise point-positioning and translocation system (Courtesy of Magnavox Advanced 
Products and Systems Co.) 



position. If two Doppler receivers are used in 
pairs, with one receiver positioned over a 
known control point, the relative positions of 
unknown points can be determined to subme­
ter accuracy, with data from approximately 25 
acceptable satellite passes. 

The Doppler positioning (transit) system was 
developed by the U.S. Navy for global naviga­
tion, and it became operational in January 
1964. Since released for civilian use in July 
1967, the transit system has proved to be very 
reliable for worldwide geodetic point position­
ing. Line of sight is no longer required be­
tween geodetic control points, and unlike 
satellite triangulation it can be used day or 
night, rain or shine. Additionally, Doppler re­
ceivers are quite portable, making it possible 
to establish geodetic positions in remote loca­
tions with minimum logistical support. 

The GPS (NAVSTAR) Positioning System 

Despite the functional success and heavy 
use of the transit system, another satellite posi­
tioning system has been developed. The 
Geodetic Positioning System (GPS) will involve 
a group of 18 satellites with 12-hr periods and 
provide 24-hr global coverage. Chapter 15 is 
devoted entirely to this subject. 

NOTES 

1. W. Jank, and L. A. Kivioja. 1980. Solution of the 
direct and inverse problems of reference ellip­
soids by point-by-point integration using pro­
grammable pocket calculators. Surveying and 
MappingJoumal 40 (3). 

2. Geoid Contour Map of North American Datum 
of 1927; Washington D.C., U.S. Army Map Ser­
vice. 

3. C. J. Fronczek. 1977. Use of calibration base­
lines. NOM Technical Memorandum NOS 
NGS-IO 

4. H. C. Mitchell. 1948. Definition of terms used 
in geodetic and other surveys. USC & GS Spe­
cial Publication No. 242, Washington, D.C .. 

5. E. Ewing, and M. M. Mitchell. 1970. Introduction 
to Geodesy. New York: Elsevier North-Holland. 

6. H. Moritz. 1978. The definition of a geodetic 
datum. 2nd International Symposium on Re-
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definition of North American Geodetic Net­
works. Arlington, VA, April 24-28. 
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14----
Inertial and Satellite Positioning 

Surveys 

David F. Mezera and Larry D. Hothem 

14-1. INTRODUCTION 

Godetic control networks have classically been 
divided into two distinct categories: (1) hori­
zontal and (2) vertical. Each network has its 
own respective set of monumented points­
i.e., horizontal control (or "triangulation") 
stations and bench marks in horizontal and 
vertical networks, respectively. Similarly, classi­
cal control surveying methods are divided into 
two nearly independent categories: (1) hori­
zontal methods that include traversing 
(Chapter 9), triangulation (Chapter ll), trilat­
eration (Chapter 12), and combinations of the 
three; and (2) vertical methods that consist of 
differential and trigonometric leveling 
(Chapter 6). 

More recently, methods have developed that 
overlap the two classical categories, enabling 
direct determinations of three-dimensional 
geodetic positions or position differences. The 
computer revolution, space-age spin-offs, and 
related technology have fostered the develop­
ment of nonconventional geodetic surveying 
instruments, systems and techniques such as 
electronic tachymeters or "total station" instru­
ments; photogrammetric geodesy; laser ranging; very 
long base-line interferometry (VLBI); and inertial 
and satellite positioning. Some of these are most 
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appropriate for scientific applications-e.g., 
earth crustal-movement studies. However, 
geodetic positioning (geopositioning) surveys by 
inertial and satellite methods have proved fea­
sible for many applications previously re­
stricted by default to classical geodetic control 
surveying methods. Future developments will 
probably expand the number of potential ap­
plications, so reliance in these two nonconven­
tional control surveying methods will increase 
rapidly. 

14-1-1. Inertial Positioning 

Inertial surveying involves determining posi­
tion changes from acceleration and time mea­
surements and sensing the earth's rotation and 
local vertical direction. Adapted and modified 
to meet surveying practice requirements, iner­
tial positioning systems are relatively new evolu­
tions. The first commercial unit became avail­
able for nonmilitary use in 1975. Despite the 
short period of time since its introduction, the 
inertial surveying system (ISS) has been quite 
widely accepted. Applicability to surveying, 
mapping, geodesy, and engineering projects 
has been proven by numerous successful ap­
plications. The u.S. Bureau of Land Manage­
ment's Cadastral Survey Division employs sev-



eral ISS units for extensive original subdivi­
sions of public lands in Alaska. They have 
been used on many federal mapping control 
projects in Canada. Inertial methods have also 
provided control for various geophysical 
prospecting projects. 

An ISS features a number of attractive ad­
vantages when compared with more conven­
tional surveying instrumentation. The equip­
ment is typically mounted in a vehicle such as 
a van or helicopter, so the measurement work 
proceeds rapidly, with only brief stops re­
quired at survey stations of interest and a few 
selected intermediate points. Clear sight lines 
between adjacent stations are not required as 
in conventional traverse and triangulation sur­
veys. Therefore, an ISS is especially well­
adapted to surveys that involve numerous 
points, long distances between them, or areas 
where sight-line lengths are restricted by struc­
tures, vegetation, or rugged terrain. Consider­
able savings in time and labor costs, key fea­
tures of an ISS, can be realized for such pro­
jects. 

14-1-2. Satellite Positioning 
Geodetic surveying techniques dependent 

on artificial satellites began in the early 1960s. 
Soon after the first Sputnik satellite was 
launched in 1957, results of satellite tracking 
and orbit-cletermination activities led to inves­
tigations of possible satellite-aided navigation 
systems. These, in turn, quickly demonstrated 
the potential for accurate satellite-based sys­
tems for geopositioning surveys. Since that 
time, numerous different schemes have been 
proposed, and several systems have reached 
operational status. Satellite triangulation, 
SECOR, and Doppler satellite positioning were 
three of the earliest systems to be investigated 
and developed. Satellite triangulation involved 
the use of precise metric cameras set up at 
widely spaced stations to simultaneously pho­
tograph illuminated satellites against their re­
spective star backgrounds. Geodetic positions 
were determined by methods similar to pho­
togrammetric aerotriangulation. Sequential 
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collation of ranges (SECOR) was essentially a 
trilateration system, with distances (ranges) 
from ground stations to satellites measured 
electronically using radio signals. Distances 
from three known satellite positions to an un­
known ground point were sufficient to deter­
mine its geodetic position. 

Doppler satellite positioning methods super­
seded both satellite triangulation and SECOR 
by the early 1970s, when portable geodetic. 
Doppler receivers became available. Improved 
accuracy was also possible using the Doppler 
method. The design and development of a 
new-generation satellite global positioning sys­
tem (GPS) began in the 1970s and continued 
in the 1980s. 

Like inertial systems, satellite positioning 
does not require optical line of sight between 
adjacent survey points. However, a satellite 
receiver cannot operate if nearby obstructions 
block the satellite's signals from reaching the 
antenna. Both Doppler and GPS receivers can 
be operated in a point (absolute) or relative 
positioning mode. Demonstrations based on 
developing GPS technology have indicated a 
potential for the relative positioning of points 
to subcentimeter accuracy, with just a few min­
utes of observation. 

14-2. DEVELOPMENT OF INERTIAL 
SURVEYING SYSTEMS 

Navigation systems based on inertial technol­
ogy continue to be used extensively in ships, 
aircraft, and space vehicles. The marine gyro­
compass was invented in 1906, providing a 
nonmagnetic navigation aid for ships. The 
horizon and direction gyro was introduced 
during World War I, enabling pilots to orient 
aircraft with respect to the earth. The capabil­
ity to derive reliable travel distances from 
measured accelerations and time intervals was 
developed during World War II; combined 
with advanced gyroscope technology, it pro­
vided the basis for today's modern navigation 
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systems. Inertial surveying systems have evolved 
from these. 

14-2-1. Military Initiatives 
In the early 1960s, the U.S. Army Engineer 

Topographic Laboratories (ETL) contracted 
with General Electric to study the develop­
ment of an artillery surveying system based on 
inertial navigation concepts. Between 1965 and 
1972, ETL contracts with Litton Systems, Inc. 
resulted in a successful working model called 
the position and azimuth determining system 
(PADS). Test accuracies of ± 10 m in latitude, 
longitude, and height over 210-km open tra­
verses strongly indicated that the PADS might 
be modified for geodetic surveying applica­
tions. By 1975, successive refinements by Lit­
ton for the U.S. Defense Mapping Agency 
(DMA) had produced, first, the inertial posi­
tioning system and, later, the rapid geodetic 
surveying system. The latter model was capa­
ble of position and elevation accuracies of ± 1 
m when used in a closed traverse mode. This 
conclusively demonstrated the feasibility of in­
ertial accuracies sufficient for many surveying 
purposes. The capability of inertial systems for 
determination of gravity and deflections of the 
vertical was also verified by the Litton and 
DMA tests. 

14-2-2. Commercial 
Development 

By early 1975, Litton had developed, con­
currently with its work for the DMA, the 
Auto-Surveyor, a commercial version of the 
inertial positioning system. Since then, ISS 
units have been used for production work by 
several government agencies and numerous 
private enterprises in the United States, 
Canada, and elsewhere. In addition to the 
Auto-Surveyor, systems have been developed 
and are currently marketed by Ferranti Ltd. 
inertial land surveyor (FILS), and Honeywell, 
Inc. (CEO-SPIN). 

The purchase of an ISS requires a large 
investment, with current costs in excess of half 

a million dollars for complete systems. Despite 
this, they have proven to be cost-effective for 
organizations with work volumes large enough 
to efficiently utilize their capabilities. Inertial 
surveying services are now provided on a con­
tract basis by several private consulting compa­
nies. Because of high purchase costs, most 
inertial survey users will subcontract to one of 
these organizations for services or lease of 
equipment. 

Reliabilities of early ISS versions were some­
what low, a common shortcoming of any com­
plex, new hardware development. As newer 
versions were introduced, reliabilities have 
gone up. There have been reported average 
ISS "downtimes" as low as 5%. 

14-3. INERTIAL POSITIONING 
THEORY 

An in-depth knowledge of the operational the­
ory and detailed inner workings of an ISS are 
not needed to successfully use inertial technol­
ogy for surveying. However, it is helpful to 
know the basic theory and general function of 
its principal components rather than simply 
regarding the device as a "black box." Such 
knowledge will improve understanding of the 
capabilities and limitations of an ISS, leading 
to a well-informed choice between available 
surveying methods. If an inertial survey is se­
lected, this background information will help 
to optimize survey design and organization. 
This section, therefore, introduces the basic 
concepts of inertial positioning. 

Accelerations and times are the fundamen­
tal quantities measured by an ISS. Accelera­
tion is a vector quantity with magnitude and 
direction, both of which typically vary continu­
ously as the system moves from one point to 
another along the survey. At each precisely 
measured time interval, acceleration compo­
nents are measured in directions parallel to 
three mutually orthogonal axes. 

Acceleration is the rate of velocity change 
with respect to time. If a constant acceleration 



is maintained for a short time, the incremental 
velocity during that interval equals the prod­
uct of acceleration and time. From the exam­
ple in Figure 14-1, an acceleration of2 m/sec2 

occurring over the I-sec interval a - b pro­
duces a velocity increase of 2 X 1 = 2 m/sec. 
Repetition of such a numerical integration 
process yields the terminal velocity for each 
time interval. Acting over the I-sec interval 
d - e in Figure 14-1, a constant velocity of 5 
m/sec produces an incremental travel dis­
tance of 5 X 1 = 5 m. 

In an ISS, the three acceleration compo­
nents are measured at very small time intervals 
-on the order of 60 times per second-so 
they can be numerically integrated to yield 
accurate travel-distance components. When 
the ISS stops at a point of interest, each of 
three orthogonal components of distance trav­
eled to that point equals the sum of incremen-
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tal components in that particular direction 
since the previous stop. The ISS is a relative 
positioning system-i.e., distance components 
are measured from an initial known reference 
position, and new points are located relative to 
that control point. 

14-4. INERTIAL SYSTEM 
CONFIGURATION 

An ISS is a complex instrument consisting of 
precisely made mechanical parts, electronic 
circuitry, control devices, and computer hard­
ware and software. However, to assist in the 
general understanding of the system's opera­
tion, a brief description of its principal com­
ponents will be given, with emphasis on each 
component's function rather than its physical 
construction. 

14-4-1. Accelerometers 
The devices that measure accelerations are 

called accelerometers. Each may be visualized 
as a small pendulum equipped with a feedback 
system (Figure 14-2). When the accelerometer 
is at rest or moving at a uniform velocity, the 
pendulum hangs at its rest position. The pen­
dulum's inertia resists changes in velocity, so it 
will try to swing away from its rest position 
when acceleration occurs. A detector senses 
the pendulum motion's beginning and sends 
an amplified electrical signal to a forcing (or 
torquing) system that, in turn, directs applica­
tion of a force (or torque) just sufficient to 

Accelerometer housing 

I Pendulum axis 

Pendulum rest : Pendulum mass 

position ........... ' 

- f--~~~.:~-- t'~~s_-------
Forcing I Force 
system I [ : 11 • Acceleration 

IFeedback I Detector , 
l system 

a function of time. Figure 14-2. Simple accelerometer. 
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keep the pendulum from swinging. The feed­
back signal to the torquing system is a direct 
measure of applied force and, thus, accelera­
tion also, since the two quantities are propor­
tional according to Newton's first law, which 
states that force equals mass times accelera­
tion. The electrical signal is scaled and digi­
tized, then multiplied by the corresponding 
time interval to obtain the incremental veloc­
ity component. 

Each accelerometer is fully sensitive only 
along its axis, the direction normal to both the 
pendulum's swing axis and its rest position 
axis (Figure 14-2). If acceleration is perpendic­
ular to this axis, the instrument will detect 
nothing. If it occurs in any other direction, 
only that component parallel to the axis will 
be detected. Three orthogonally mounted ac­
celerometers are thus required to measure the 
three constituent components of the total ac­
celeration vector (Figure 14-3). 

Without control or restraint or isolation 
from vehicle motions, the orthogonal ac­
celerometer triad's orientation will vary with 
respect to inertial space as the ISS moves from 
point to point during a survey. To correctly 
combine incremental distance components 
between points for ISS position-change deter­
minations, these orientation variations must be 
controlled and monitored. 

14-4-2. Gyroscopes 
Gryoscopic control is employed to stabilize 

the accelerometer triad in inertial space and 
provide a reference for detecting its attitude 
variations. A gyroscope, or gyro, has a symmet­
rical rotor-a wheel or ball of dense metal 
made to spin rapidly about its axis on bearings 
located in a gimbal housing. The rotor devel­
ops a large angular momentum and resists any 
forces that would tend to change its spatial 
orientation. Once a gyro has aligned itself in 
inertial space, a stable reference is provided 
that permits translations but resists rotations 
(Figure 14-4a). 

Each gimbal also has a rotation axis at right 
angles to the rotor axis. It permits the spin-

z 

Accelerometer axis 

y 

Accelerometer 

~----_x 

Figure 14-3. Orthogonal accelerometer triad. 

ning rotor to retain its original angular orien­
tation, despite gimbal rotations about either 
the rotor or gimbal axis. This gyro is said to 
have a "single degree of freedom" since gim­
bal rotations about a third axis, mutually per­
pendicular to the other two, will change the 
rotor orientation. For a gyro with "two de­
grees of freedom," the gimbal axis itself ro­
tates in bearings set in an outer gimbal, with a 
rotation axis perpendicular to both inner gim­
bal and rotor axes. This permits the rotor to 
retain its angular orientation during outer 
gimbal rotations in any direction (Figure 14-
4b). 

The gimbal rotation axes have detector­
feedback-torquer devices, similar in function 
to those on the accelerometers, that serve to 
counteract unwanted rotations. The torquers 
may also be used to drive the gyros to a 
desired orientation. 

14-4-3. Inertial Measuring Unit 

The accelerometer triad and associated gy­
roscopes are mounted on an inertial platform, 
the heart of the inertial measuring unit (IMU). 
If single-degree-of-freedom gyros are used, 
there must be one corresponding to each ac-
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Figure 14-4. Simple gyroscopes. (a) Gyro with single degree of freedom. (b) Gyro with two degrees of freedom. 

celerometer axis (Figure 14-5). Two gyros are 
sufficient if they each have two degrees of 
freedom. The accelerometer triad axes define 
the inertial platform axes, denoted either x-y-z 
or east-north-vertical. The whole inertial plat­
form, of course, must also be gimbal-mounted 

z 

with two degrees of freedom to provide for 
maintenance of its angular orientation in 
space, as the survey vehicle moves from one 
point to another. These gimbal rotation axes 
are also equipped with detector-torquer de­
vices to monitor platform orientation varia-
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Figure 14-5. Inertial platform schematic. 
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tions and drive the platform to desired atti­
tudes. An actual inertial platform, discon­
nected from the other IMU hardware, is shown 
in Figure 14-6. The IMU and associated parts 
are housed in a closed case that provides a 
thermally stabilized environment as well as 
protection from damage (Figure 14-7). 

14-4-4. Control and 
Data-Handling 
Components 

An on-board computer is an integral compo­
nent· of an ISS. The final computation and 
adjustment of the data are usually done on a 
larger off-line computer, but the on-board unit 
may perform the initial position calculation in 
"real time" as the survey proceeds. The com­
puter controls and monitors system operation, 
and it may check and filter the raw measure­
ment data before they are recorded for later 

Figure 14-6. Inertial platform for Ferranti 
ISS. (Courtesy of Shell Canada Resources, 
Ltd.) 

processing. It may compute misclosures when 
an inertial traverse closes on a control point, 
and it also directs the calibration and align­
ment of the platform at the initial point of a 
survey. 

A control and display unit-typically mounted 
on or near the instrument panel of a survey 
vehicle-controls operations of the IMU and 
data-recording device. It allows communica­
tion with the on-board computer, initialization 
of calibration and measurement sequences, in­
put of externally collected data, and visual 
readout of preliminary coordinates, closure 
errors, and other operational data (Figure 14-
8). 

A data.lf'ecording unit-typically a magnetic 
tape cassette recorder- is used to capture the 
raw or filtered measurement data for later 
processing and analysis. It must be a well-de­
signed unit to ensure reliable operation in the 
survey vehicle's variable environment. Simi-



Inertial and Satellite Positioning Surveys 307 

Figure 14-7. Complete Ferranti FILS II ISS. 
(Courtesy of Shell Canada Resources, Ltd.) 

Figure 14-8. Control and display unit for Litton Auto-Smveyor. 
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larly, high-quality data tapes must be used for 
recording and preserving measurement infor­
mation. 

14-4-5. Survey Vehicle and 
Power Supply 

An ISS may be transported in a variety of 
different vehicles. For ground operations, a 
van-type light-duty truck is suitable (Figure 14-
9), but helicopters are also frequently used, 
especially in remote areas where ground travel 
may be difficult or impossible (Figure 14-10). 
For a ground vehicle, the main requirement is 
installation space for the necessary equipment. 
In addition to seats for the driver and opera­
tor, there must be room inside the vehicle for 
the inertial measuring unit, computer, 
recorder, batteries, and the control and dis­
play unit, plus space in the engine compart­
ment for the power supply alternator. Four­
wheel-drive capability or even a tracked vehi­
cle may be required if off-road travel is neces­
sary. A helicopter must be of sufficient size 
and power to safely accommodate both the 
equipment and personnel. For some applica-

tions, the driver/pilot may also serve as the 
operator. 

A power supply system must be provided to 
support operation of the IMU and its ther­
mally stabilized environment, the on-board 
computer, control and display unit, and data 
recorder. For a truck-type survey vehicle, this 
is typically a 24-V battery system with recharge 
provided by a special heavy-duty alternator 
powered by the truck's engine. For helicopter 
use, the ISS may be operated from the air­
craft's 28V power system. 

15-5. INERTIAL SURVEYING 
OPERATIONS 

There are two primary system types used for 
inertial surveying: (1) space-stabilized and (2) 
local level. If an ISS is "space-stabilized," its 
inertial platform orientation is held fixed with 
respect to inertial space for the survey dura­
tion. With a local-level (or local-vertical, local­
north) system, two platform axes are aligned 
parallel to local-vertical and north directions, 
respectively, so the third axis points eastward. 

Figure 14-9. Truck-mounted Litton DASH II ISS. (Courtesy of International Technology, 
Ltd.) 
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FJgUJ'e 14-10. Ferranti FILS II inertial system mounted in Bell Jet Ranger helicopter. 
(Courtesy of Shell Canada Resources, Ltd.) 

This local orientation is maintained and up­
dated at each new point throughout the course 
of a survey. Much of the following description 
of ISS operation refers primarily to a local-level 
system. 

14-5-1. System Calibration 
Before beginning each day's operation, or 

each time the ISS is turned on anew, the 
system must be warmed up and calibrated. 
This calibration or alignment is mainly an 
automated sequence of self-tests initiated by 
the operator, but thereafter directed by the 
on-board computer under system software 
control. The calibration procedure may re­
quire an hour or more to complete. During 
this time, the IMU components are monitored 
for operational stability, and the gyro and ac­
celerometer parameters tested to see if they 
fall within acceptable ranges. These parame­
ters are recorded for later use during filtering 
and adjustment. The calibration sequence is 

repeated, perhaps several times, if the parame­
ters do not meet specifications. Continued 
failure to successfully calibrate may necessitate 
system adjustment or repair. 

In addition to daily calibrations, it is desir­
able to conduct periodic dynamic calibrations. 
Ideally, this would consist of inertial traversing 
over an L-shaped course, with traverse legs 
along cardinal directions and precise coordi­
nates at the angle and terminal points. Analy­
sis of the results will yield accelerometer and 
gyro parameter information. 

14-5-2. Initial Orientation of the 
Inertial Platform 

If the maximum sensitivity direction of a 
stationary accelerometer is perpendicular to 
the direction of local gravity, it will indicate 
zero acceleration. At the initial point of a 
survey with a local-level system, the platform 
leveling is accomplished by orienting the X­
and V-accelerometers to produce zero acceler-
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ations and aligning the Z-axis of the system 
along the local plumb line. If deflection of the 
vertical is known, platform orientation with 
respect to the geodetic reference is also de­
fined. 

A gyrocompassing procedure is used to align 
the sensitive direction of the Y-accelerometer 
toward local north. The earth's rotation causes 
a torque on the corresponding gyroscope axis, 
and the resulting precession concludes with it 
aligned in the plane of the earth's rotation 
axis (Figure 14-11 a). 

14-5-3. Compensation for 
Platform Movements 

Without continuous correction of the gyro­
scope orientations, the local-level alignment of 
a platform is lost immediately because of the 
earth's rotation, even though the ISS remains 
stationary at the initial point. Compensation to 
maintain alignment with the geodetic refer­
ence is accomplished by the gyroscope tor­
quers, as directed by the on-board computer 
(Figure 14-11 b). The angular orientation cor­
rection is based on the earth's mean rotation 
rate and elapsed time since the initial orienta­
tion or previous correction. 

When the platform is moved to another 
point, a similar loss of alignment occurs if the 

computer does not signal for orientation cor­
rection. But the required compensation is now 
composed of two parts: (1) allowance for earth 
rotation during the elapsed travel time and (2) 
compensation for the distance traveled (Figure 
14-11c). With a space-stabilized ISS, compensa­
tions for both components of platform move­
ment are computed and applied during the 
data processing, rather than torquing the gy­
ros to reorient the platform during a field 
observation period. 

Periodically during an inertial survey, it is 
necessary to stop the vehicle and initiate a 
control instruction sequence to inform the 
computer that the ISS is stationary, and thus 
all three current velocity values should be zero. 
This procedure is called a zero velocity update 
or ZUPT. Each accelerometer and gyro output 
is monitored and recorded as an indication of 
that component's drift since its initial calibra­
tion state. A ZUPT requires a stop duration of 
a minute or shorter. 

14-5-4. Position Measurements 
When the ISS reaches a point where a 

geodetic position is desired, a station mark is 
initiated. This position measurement proce­
dure is similar to the ZUPT, except that in 
addition to the accelerometer and gyro data, 
preliminary coordinates are also recorded. 
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Since the basic point of reference for an ISS 
measurement is at the inertial platform's cen­
ter and thus inaccessible, an offset reference 
mark is set on the exterior of the IMU by the 
instrument manufacturer. The ISS computer 
software is designed to account for compo­
nents of this offset, in all position computa­
tions. 

IMU 
reference 

mark 

Inertial measuring 
unit (IMU) 
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During field operations, offset measure­
ments must be made since the reference mark 
cannot be set directly on the survey points. 
However, in most cases, the offsets are not 
measured directly to the reference mark on 
the IMU but for convenience and speed to a 
secondary reference point instead. This mea­
suring mark may consist of a simple sighting 
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Figure 14-12. ISS offset measuring mark. (a) Offset measuring-mark sighting device 
beneath driver's door. (b) Measurement of offset components from IMU to 
measuring mark. 
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device mounted on the vehicle exterior-truck 
door or helicopter skid-for convenient use 
by the driver (see Figure 13-12a). For points 
that are not so accessible, offset direction, 
distance, and elevation difference may be 
measured from a protractor mounted on the 
front or rear of the vehicle (see Figure 14-13). 
For greater accuracy, especially for larger off­
sets, these components may be measured with 
an electronic tachymeter or total station in­
strument from a measuring mark located in­
side the vehicle (see Figure 14-14). 

The offset components to the measuring 
mark may be determined using conventional 
surveying instruments (see Figure 14-12b). 
These values are input to the computer as 
constants to be applied to each position deter­
mined. Any additional offset from the measur­
ing mark to a particular survey point also must 
be input, so the total offset from an inertial 
platform to the point will be included in the 
position computation. Regardless of the tech­
nique employed, care must be used for all 
offset measurements to ensure that desired 
positional accuracies are maintained. 

For some surveys with less stringent accu­
racy requirements, both ZUPTs and station 
marks have been accomplished with a nearly 
stationary ISS is in airborne helicopter hover-

ing over the point. The U.S. BLM has investi­
gated the use of a similar technique for mean­
dering water boundaries in Alaska. 

14-6. INERTIAL DATA PROCESSING 
AND ADJUSTMENTS 

Like all surveying measurements, those made 
with an ISS are subject to errors from instru­
mental, natural, and personal sources. Many 
procedures included in the calibration, mea­
surement, and data-reduction/adjustment 
phases are designed to limit error magnitudes 
and reduce their effects on final survey results. 
The measurements are also subject to mistakes 
or blunders due to confusion or carelessness, 
but these should be discovered and eliminated 
through the use of repeated measurements 
and independent checks. 

14-6-1. Error Sources and 
Characteristics 

Nonorthogonality of the three accelerome­
ter axes may cause the measured acceleration 
components to be incorrect. The daily ISS 
calibration prior to field observations can vir­
tually eliminate this error if it remains con-

Figure 14-13. Measuring offset from vehicle measuring mark to survey point. (Courtesy 
of Shell Canada Resources, Ltd.) 
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FJgUre 14-14. Offset measurement to survey point using electronic distance-measuring 
instrument. (Courtesy of Shell Canada Resources, Ltd.) 

stant during the day's survey. The electronic 
signals are scaled and digitized, so if scaling is 
incorrect, double integrations of resultant er­
roneous accelerations result in incorrect 
travel-distance components. Errors in elapsed 
time measurements also result in incorrect 
travel distances, but time-measurement accu­
racy is very high, so these errors are very small. 

Gyroscopes slowly drift away from their 
original alignments, thus allowing the inertial 
platform to drift. Most of this drift is a linear 
function of time that can be modeled and, 
therefore, eliminated during data reduction, 
but the small irregular component is more 
difficult to eliminate, and random position 
errors may result. Accelerometers also have 
generally linear drifts for which corrections 
can be made, but small, irregular drifts may 
contaminate accelerations, thus affecting com­
puted distance components. Vehicle vibrations 
caused by the engine or strong winds may also 
cause accelerometer errors during a stop for a 
ZUPT or position determination. 

Setting the measuring mark over a survey 
point or measuring the mark-to-point offset 
are processes subject to all the observation 
errors inherent in conventional surveying 
methods. The same is true of the procedure 
for finding the measuring-mark offset from 
the IMU reference mark. The ISS control unit 
operations, including data input, always pro­
vide opportunities for human mistakes or 
blunders, as do the data-reduction procedures. 
The computer software may be designed to 
automatically detect some large discrepancies, 
but as in all surveys, good practice will include 
careful and thorough checking of all input, 
output, and computed values. 

14-6-2. Data Filtering 

The on-board computer of an ISS may op­
erate software that statistically filters raw mea­
surement data as it is collected. The best esti­
mates are obtained by a Kalman filter, an algo­
rithm that weights each new data value based 



314 Inertial and Satellite Positioning Surveys 

on the characteristics of previous measure­
ments and prior knowledge of the nature and 
usual magnitudes of errors. Initial estimates of 
gyro and accelerometer error parameters, such 
as drift rates and biases, are supplied to the 
Kalman filter after the daily calibration proce­
dure. As the survey proceeds, these parame­
ters are updated at each stop for a ZUPT or 
station mark. This statistical filtering process 
significantly retards error growth in prelimi­
nary coordinates calculated by the on-board 
computer, so these real-time position estimates 
may be accurate enough for some purposes 
without further adjustment. The position error 
accumulates so rapidly in an ISS without a 
Kalman filter that rough field coordinates have 
little value. In such cases, it is necessary to wait 
for off-line postprocessing of the raw data. 

14-6-3. Horizontal and Vertical 
Positions 

For each inertial traverse, coordinates of 
the beginning control station are input to the 
ISS. Following recommended practice, a sur­
vey concludes at a second control point with 
known coordinates, forming a closed traverse. 
The reliability of an open-ended traverse is 
always uncertain and should be avoided re­
gardless of the accuracy sought. 

At each desired survey point along a tra­
verse, the ISS accumulates incremental travel­
distance components from the previous point 
to obtain three-dimensional geodetic coordi­
nates of the current point, relative to the ini­
tial control station. Coordinates are computed 
in terms of latitudes, longitudes, and eleva­
tions-although for display purposes and later 
use, latitudes and longitudes may be trans­
formed into a local plane coordinate system 
such as state plane coordinates (i.e., output in 
terms of X, Y, elevation). 

The vertical accelerometer measures accel­
erations due to the combined effects of vehi­
cle motion and the local gravity vector. These 
two components must be separated to deter­
mine elevation differences between surveyed 
points. A gravity-effect estimate can be re-

moved from the vertical acceleration at each 
integration step. This estimate is derived from 
a mathematical model of the earth's gravity 
field or measured gravity value at the initial 
station. Elevation differences are computed 
using residual vertical accelerations. 

For a space-stabilized ISS, each of the three 
accelerometers will detect a component ofver­
tical acceleration, since platform orientation is 
not held fixed with respect to local vertical. In 
this case, the computer software must enable 
determination of the net vertical acceleration 
and separation of the gravity-field component, 
during either on-line processing by the on­
board computer or off-line postprocessing. 

14-6-4. Data Adjustments 

In following good practice, an inertial tra­
verse begins at a known control station and 
ends at another. Closing a traverse on a known 
point provides a reliability check of intermedi­
ate survey points, since preliminary closing 
point coordinates-inertially derived-can be 
compared with known values. Any coordinate 
misclosures should be within both the toler­
ances expected for the ISS utilized and ranges 
specified for the particular survey. If either 
test fails, the traverse must be resurveyed. 

If misclosures are within allowable limits, 
preliminary coordinates should be adjusted (or 
smoothed) by distributing accumulated errors of 
closure in proportion to elapsed travel time, 
travel distance (analogous to the compass rule 
traverse adjustment), or a time-distance com­
bination. Smoothed coordinates may be deter­
mined by the on-board computer immediately 
on conclusion of the traverse run and recorded 
on tl:e data tape. Alternatively, smoothed co­
ordinates can be obtained during off-line post­
processing of the data. 

If desired, detailed mathematical algo­
rithms may be employed to rigorously model 
ISS error parameters and thus produce more 
accurate distributions of accumulated closure 
errors. Despite various attempts to improve 
modeling of the inertial measurement process, 
experience has shown that smoothed coordi­
nate values typically exhibit sizable systematic 



error effects. To help reduce such systematic 
errors and provide desirable checks, each tra­
verse should be run in both forward and re­
verse directions-e.g., from control point A 
to control point B, then from B back to A. 
Hereafter, a traverse run in this fashion will be 
referred to as a "single inertial traverse." This 
method is analogous to the common proce­
dure of measuring with a theodolite in both 
direct and inverted telescope positions to can­
cel systematic instrumental errors from the 
mean angle value. Adjusted survey point coor­
dinates can be taken as the weighted mean of 
smoothed values from forward and reverse 
traverse runs. 

Uncertainities of adjusted survey point co­
ordinates can be reduced somewhat by addi­
tional repetitions in the forward and back 
directions, just as any observed value may be 
statistically improved by repeated measure­
ments. In any case, numbers of forward and 
reverse runs should be equal along any tra­
verse line. 

14-7. INERTIAL SURVEY DESIGN 
AND TYPICAL RESULTS 

Because of the unique operational characteris­
tics of an ISS, careful preparation and detailed 
organization are extremely important, both 
before and during an inertial survey. 

14-7-1. Logistics 
Since inertial system hardware is usually 

mounted semipermanently in a survey vehicle, 
accessibility of points to be positioned is a 
primary consideration during initial planning 
and design. When an ordinary ground vehicle 
is used, survey points must be either on or 
near traversable roadways or trails, depending 
on the offset measurement method utilized 
and terrain difficulty. Availability of a four­
wheel-drive or all-terrain survey vehicle to 
transport the ISS allows more freedom in se­
lecting survey point locations. Helicopters pro­
vide even greater flexibility, especially in re-

Inertial and Satellite Positioning Surveys 315 

mote areas where ground vehicle travel is 
difficult or impossible. However, the relatively 
large space required for helicopter landing 
may generate additional logistical problems, 
particularly in heavily forested areas. 

Selecting and marking desired survey points 
are tasks best completed before ISS measure­
ments commence. Since errors tend to build 
up as elapsed time increases, unnecessary de­
lays should be avoided during inertial travers­
ing. Because the number of points positioned 
by an inertial survey is usually large, work 
involved with reconnaissance, selection, mark­
ing, referencing and describing desired station 
locations comprises a significant portion of the 
total project effort. If many of the points must 
be permanently monumented survey stations, 
the labor, materials, and transportation re­
quired can make this project phase very costly 
in terms of both time and money. 

Whether points are temporary or perma­
nent, they must be clearly marked or flagged, 
so an ISS can be transported directly to each 
one without delay. In some cases, it may be 
necessary to run a "scout vehicle" in advance 
of the ISS unit to guide it to consecutive 
survey station locations. If approximate coor­
dinates of a station are known, the naviga­
tional capability of an ISS may be used to 
locate the point marker. The display unit can 
be directed to indicate direction and distance 
to a desired point as the ISS approaches it. In 
congested areas, traffic-control measures may 
be necessary to ensure safety for the ISS vehi­
cle and its occupants. Inertial surveys are 
sometimes conducted during late night and 
early morning hours to avoid peak traffic con­
ditions. 

14-7-2. Other Design 
Considerations 

In addition to logistics, other factors must 
be considered in the design of an inertial 
survey. An ISS is a relative-positioning device; 
thus, two known geodetic control stations must 
be available to serve as inertial traverse begin­
ning and ending points, respectively. Open­
ended traverses and closed-loop traverses with 
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only one control station should be avoided, 
since no satisfactory check or systematic 
error-correction technique exists for either of 
these survey types. In fact, if the purpose is to 
density an area's existing geodetic control net­
work, the U.S. Federal Geodetic Control Com­
mittee (FGCC) recommends that each inertial 
traverse tie into a minimum of four existing 
control points rather than just two. Addition­
ally, each traverse should be run in both for­
ward and reverse directions as described in 
Section 14-6-4. Accuracies of inertially derived 
positions cannot exceed those of control sta­
tions utilized for the survey and generally will 
be somewhat lower. Unchecked or suspect 
geodetic control should be avoided since erro­
neous control values incorporated into an in­
ertial survey will degrade the accuracy of ISS 
results. 

The direct relationship between elapsed 
time and ISS positional error accumulation 
constrains allowable traverse length. The de­
sired quality of results limits allowable elapsed 
time intervals between both ISS stops at termi­
nal control stations and consecutive ZUPT or 
station mark stop-points. Typical ZUPT inter­
vals vary between about 1 and 8 min, depend­
ing on the accuracy level desired. Total elapsed 

6 Control station 

o Inertial survey point 
(a) 

time for a single inertial traverse is commonly 
limited to 1 or 2 hr or shorter for most appli­
cations. But, depending on the ISS vehicle 
type, inertial traverse lengths can easily reach 
10 to 100 km or more. 

An ISS produces the best results when vehi­
cle travel approximates a straight-line path 
connecting the terminal control stations, de­
sired intermediate points, and ZUPT stop­
points. Point spacings and vehicle travel rate 
should each be nearly uniform and sharp hor­
izontal direction changes ("doglegs") avoided. 
Normal BLM guidelines restrict any desired 
point along an inertial traverse to be within a 
corridor extending no more than 0.8 km ei­
ther side of a straight line connecting the two 
terminal control stations. The FGCC recom­
mends a maximum angular deviation from a 
straight-line path of 20 to 35°, depending on 
the desired accuracy. 

For greatest reliability, each important sur­
vey point is linked to control stations by more 
than a single inertial traverse. Such a point 
should be connected to additional control sta­
tions by a crossing inertial traverse (see Figure 
14-15a). Ideally, for a control densification or 
similar area-wide survey, known stations are 

Double-run inertial traverse 

Single-run inertial traverse 
(b) 

Figure 14-15. Inertial traverse survey configurations. (a) Intersecting inertial traverses. (b) Inertial grid network. 



located around the area perimeter, and de­
sired survey point coordinates established us­
ing a series of crossing and interconnected 
inertial traverses surveyed in a uniform grid 
pattern (see Figure 14-15b). In practice, it is 
very difficult to design such perfect survey 
networks, especially for projects employing 
ground vehicles traveling on established road­
ways. However, to achieve maximum ISS accu­
racy, the network design process must pursue 
this ideal configuration, and inertial traversing 
must be done with great care, with a least­
squares network adjustment used to obtain the 
most probable coordinate values. As with any 
type of survey, it is desirable to verify the 
inertial results on a sample of project points, 
making independent checks using another 
method. 

14-7 -3. Typical Inertial Survey 
Results 

In a discussion of obtainable ISS accuracies, 
it is important to describe the survey condi­
tions under which the results were produced. 
The possibility exists that uncorrected system­
atic errors remain even after a rigorous net­
work survey and adjustment; it most especially 
exists for a single traverse with no cross-con­
necting inertial runs, where accuracy may be 
affected by such factors as ZUPT intervals, 
quality of existing control stations, and tra­
verse shape, length, and duration. 

For a Litton Auto-Surveyor ISS, a single, 
generally straight-line traverse of 2-hr duration 
can be expected to produce positional stan­
dard errors for points along the traverse path 
of about 0.40 m horizontally and 0.30 m verti­
cally. For a similar but L-shaped traverse, the 
corresponding values are about 1.00 and 0.30 
m, respectively. These results assume reason­
able care in survey conduct, uniform ZUPT 
intervals of 3 to 5 min, and use of manufac­
turer's software. For a grid network of criss­
crossing traverses (see Figure 14-15b), the cor­
responding positional standard errors are both 
expected to be about 0.15 m for a Litton ISS. 
This assumes adequate area perimeter control, 
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traverse durations each shorter than 1 t hr, 
and a rigorous least-squares network adjust­
ment. Some users have reported relative posi­
tional errors below the 0.10 m level under 
near-ideal or strictly controlled conditions. 

When using a Ferranti FILS ISS in a heli­
copter with ZUPT intervals of 3 to 5 min was 
used, mean horizontal and vertical errors (rel­
ative to convetional survey positions) of about 
0.25 and 0.15 m, respectively, have been ob­
tained for generally straight-line traverse of no 
more than 1 ~-hr duration and 30-km length. 
But with a ground vehicle operating in undu­
lating or rugged terrain that necessitated cir­
cuitous and L-shaped traverses, the Ferranti 
ISS produced corresponding mean errors of 
0.75 and 0.25 m, respectively-values quite 
similar to the expected errors for a Litton ISS. 
Likewise, a Ferranti FILS system should pro­
duce grid network accuracies comparable to 
those for an Auto-Surveyor, or about 0.15 m 
both horizontally and vertically. 

For a Honeywell GEO-SPIN ISS in a ground 
vehicle, expected accuracies are about 0.15 m 
horizontally and 0.30 m vertically over a gen­
erally straight-line 51-km traverse. These num­
bers degrade to about 0.50 and 0.35 m, re­
spectively, for a 39-km L-shaped traverse. For 
two intersecting traverses (as in Figure 14-15a) 
with lengths of 51 and 26 km, corresponding 
accuracies of 0.10 and 0.20 m can be ex­
pected. In one test, several nearly straight-line 
traverses were run with ZUPT intervals of 1 
min and the results compared with positions 
obtained by conventional control surveying 
methods. For six traverses, each 4 km in length 
with survey mark points at about O.4-km inter­
vals, root-mean-square (RMS) errors were be­
low 0.06 m, both horizontally and vertically. 
On two double-run 2-km traverses, corre­
sponding RMS errors were 0.04 m or smaller. 
Thus, the potential of a GEO-SPIN ISS for 
establishing closely spaced control stations in a 
grid network (Figure 14-15b) is excellent. If 
traverses of such high quality are combined 
with a grid pattern and subjected to a rigorous 
adjustment, comparable accuracies should be 
attainable over much longer traverse lengths. 
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An ISS also has the potential to yield infor­
mation about the earth's gravity field. Al­
though not ordinarily needed for most survey 
purposes, gravity anomalies and deflections of 
the vertical may be derived from the observed 
data, provided that appropriate software con­
figurations are available for both the on-board 
computer and postprocessing hardware. This 
gravity information may be a very important 
component of certain geodetic, geophysical, 
and geological surveys. Under good condi­
tions, accuracies of 1.0 mGal and 0.5" have 
been obtained for gravity anomalies and de­
flections of the vertical, respectively. 

14-8. INERTIAL SURVEYING 
APPLICATIONS 

Many different types of surveys have been suc­
cessfully executed using inertial technology. In 
many instances, ISS usage has proved to be an 
economically viable alternative to conven­
tional surveying methods, particularly for 
larger projects requiring geopositioning of 
many points over large areas. 

14-8-1. Application Examples 
and Projections 

As previously implied, most ISS projects 
could be characterized as control surveys. In 
such cases, an inertial survey provides a spatial 
framework of geodetically positioned points to 
support another activity, such as a more de­
tailed survey utilizing a different technique. 

An example of such a situation is a topo­
graphic mapping project utilizing photogram­
metry (see Chapter 20). Such a project might 
be necessary for mapping a utility transmis­
sion-line corridor, a highway or railway right­
of-way, or a new dam and reservoir site. An ISS 
can provide the required photo ground con­
trol points, positioned with respect to the area's 
existing geodetic control network. ISS accura­
cies would normally be adequate to support 
photogrammetric mapping. In remote areas, 

the helicopter mode probably would be most 
efficient, but a ground vehicle could be used if 
a good road network exists. 

The navigation capability of an ISS can be 
relied on to guide the survey vehicle to a 
preselected control point location. For exam­
ple, as an aerial photography flight is planned, 
desirable photo control locations may be iden­
tified on a map and coordinates scaled. These 
values can be input to the on-board computer 
and used to direct the ISS to a desired point's 
immediate vicinity. A suitable point location 
can then be selected after a first-hand inspec­
tion of the area. While accurate position is 
observed with the ISS, this point is staked and 
flagged for a separate crew that will place the 
photo targets. 

Cadastral surveying is another major appli­
cation area for which an ISS is well-suited, 
particularly for large land parcels in remote 
areas. The BLM Cadastral Survey Division uti­
lizes helicopter-borne Litton Auto-Surveyors to 
establish original U.S. public land survey sys­
tem (PLSS) boundaries in Alaska. Inertial sur­
veys have also been used to determine coordi­
nate positions of remonumented PLSS section 
and quarter-section corners in several other 
states, such as Illinois and Wisconsin, so the 
geodetic and legal (real property) networks 
could be integrated. 

Other extensive applications of inertial 
methods have included engineering, geophysi­
cal, and construction surveys. Seismic and 
gravity surveys for geophysical prospecting 
have utilized ISS geopositioning, including 
some surveys in offshore areas and positioning 
for drilling platforms. Inertial systems have 
also been used in helicopters in conjunction 
with laser profiling of ground terrain. 

Research and development have been con­
ducted using an ISS to determine the position 
and orientation of an aircraft and camera dur­
ing an aerial photography flight; this system, 
when perfected, will greatly reduce pho­
togrammetry ground control requirements. 
Some ISS use has developed in conjunction 
with mapping boundaries of natural resources, 
such as wetlands and soil types; similar inertial 



surveys could be employed on floodplain and 
land use/land cover mapping. 

When the special characteristics of an ISS 
are considered, it seems likely there are nu­
merous additional applications yet to be ex­
ploited. This is a self-contained system that has 
no line-of-sight restrictions, can move rapidly 
from point to point in a ground vehicle or 
helicopter, and produces three-dimensional 
geodetic positions with an accuracy adequate 
for many purposes. Better understanding of its 
capabilities should lead to increased future 
use. 

14-8-2. Economic 
Considerations 

Because of its high cost, the purchase of an 
ISS is only viable for an organization that has 
an applications volume sufficient to utilize its 
very high productivity. Measured in terms of 
output point positions, it may be as much as 5 
to 20 (or even more) times that of conven­
tional survey methods. However, alternatives 
to purchase exist, including inertial surveying 
services via contract and inertial equipment 
leasing. 

Several factors may influence the cost of an 
inertial project. A significant part of the total 
expenditure may be the mobilization cost-the 
expense to ship equipment and transport per­
sonnel to the project site, install the ISS in a 
survey vehicle, and other overhead factors that 
are relatively fixed. The project area's geo­
graphical location with respect to the source 
of the inertial equipment or services can 
greatly influence these mobilization costs. Of 
course, the number and accuracy of survey 
points desired and project area size are impor­
tant factors: The costs per point generally de­
crease rapidly as point numbers increase. Hel­
icopter transportation, on a daily basis, will be 
much more expensive than use of a ground 
vehicle; however, increased productivity could 
make helicopter use much more economical. 
Advance preparation and planning by the 
client, as well as active participation during 
the actual inertial survey, will help keep down 
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the project cost Because of the many expense 
variables involved, it is difficult to make gener­
alized statements about inertial survey outlays. 
However, there have been many inertial pro­
jects reported to have a cost per point one-half 
to one-quarter (or even below) that of an 
equivalent conventional survey. Correspond­
ing survey duration comparisons appear to be 
even more dramatic: There have been reports 
of as much as a 20-to-l reduction compared 
with time estimates for corresponding conven­
tional surveys. 

14-9. DEVELOPMENT OF SATELLITE 
POSITIONING SYSTEMS 

Shortly after the former Soviet republic 
launched its first Sputnik satellite in October 
1957, its orbit was accurately determined by 
measuring and analyzing the Doppler fre­
quency curve from a single satellite pass. 
Shortly thereafter, the U.S. Navy navigation 
satellite system (NNSS) was conceived. Early 
research and development was conducted at 
the Johns Hopkins University Applied Physics 
Laboratory. The U.S. Navy supported develop­
ment of the NNSS, commonly referred to as 
,the transit system, to provide accurate, all­
weather, passive, worldwide navigation capa­
bility for its Polaris submarine fleet. 

The first United States satellite to be used 
extensively for geodetic purposes, the Van­
guard, was launched in 1958. The original 
navigation satellite and another designed to 
broadcast precise information on its own or­
bital position were orbited in 1960 and 1961, 
respectively. Since 1964, there has been at 
least one transit-equipped satellite continu­
ously operational to provide Polaris naviga­
tion. 

In addition to the transit system, several 
other satellite positioning systems developed 
concurrently during the 1960s. Photogram­
metric satellite triangulation was used to estab­
lish a North American reference network of 
21 widely spaced stations and a 45-station 
worldwide net that interconnected several pre-
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viously unrelated areas. At several stations, cal­
ibrated metric cameras were synchronized to 
simultaneously photograph illuminated satel­
lites against their star backgrounds. Some 
satellites carried flashing lights, others utilized 
sun illumination. Photographic coordinate 
measurements of satellite and star images were 
used to compute directions to the satellites, 
and geodetic positions of camera stations then 
found by classical astronomy techniques. Re­
quired field equipment was bulky and trans­
portable only by large vans; data-reduction 
procedures long and complex; and positional 
accuracy limited to about 5 m, so satellite 
triangulation was replaced by other methods 
in the early 1970s. 

The ranging method (satellite trilateration) 
was also utilized in the 1960s, and a phase-shift 
measurement technique, similar to that em­
ployed in EDM surveying instruments (see 
Chapter 5), used with the SECOR system. A 
ground station transmitted a phase-modulated 
electromagnetic signal to a satellite equipped 
with a SECOR transponder. The signal was 
received and retransmitted to the ground sta­
tion, where its returned signal phase could be 
measured relative to the transmitted signal 
phase. The observed phase shift is a function 
of signal travel distance. If one unknown sta­
tion and three known stations simultaneously 
measure the ranges to at least three satellite 
positions, the unknown station coordinates can 
be determined. Repeatability (precision) using 
SECOR was about 6 m, but for widely sepa­
rated stations, relative accuracies as high as 
1 : 100,000 were obtained by comparison with 
conventionally surveyed positions. Other 
methods also superseded SECOR because of 
its accuracy limitations and low mobility due 
to complex bulky ground station antenna and 
receiver equipment. 

Another trilateration method developed 
during the 1960s, satellite laser ranging (SLR), 
became operational in the early 1970s, and 
continues in use today. Distances to satellites 
equipped with retroreflectors can be mea­
sured with l-cm accuracies. Despite these ex-

cellent results, SLR use is limited primarily to 
crustal motion studies owing to the complexity 
of instrumentation and data-processing re­
quirements. 

The Doppler NNSS became available for 
civilian use in 1967, when details of receiver 
equipment and computation requirements 
were made public. Until then, usage had been 
restricted primarily to the navigation of U.S. 
Navy vessels. Although the control surveying 
potential of the transit system had been 
demonstrated, applicable Doppler receiver 
equipment was bulky with complex field oper­
ation and data-reduction procedures. But 
portable geodetic receivers were developed 
and available for testing by the early 1970s (see 
Figure 14-16 and 14-17). Initial results indi-

Figure 14-16. JMR-l Doppler sUlVey set in field opera­
tion. (Courtesy ofJMR Instruments, Inc.) 



cated that accuracies better than 1.5 m were 
possible, thus making many geodetic applica­
tions feasible. Improvements in hardware, soft­
ware, and operational procedures have re­
sulted in achievable accuracies of 0.5 to 1.0 m 
for point positioning and 15 to 30 cm for 
relative positioning. Today, the NNSS is used 
routinely for both navigation and geodetic 
control surveying purposes in the private sec­
tor. 

In 1973, the success and future promise of 
transit led the U.S. Department of Defense to 
initiate design and development work on the 
navigation satellite timing and ranging 
(NAVSTAR). The first NAVSTAR satellites were 
orbited in 1978 to support testing and devel­
opment of both the system's space and ground 
control segments and receivers for navigation 
and geodetic purposes. 
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14-10. SATELLITE ORBITS AND 
COORDINATE SYSTEMS 

All satellite-based positioning systems require 
that several satellite coordinate positions ei­
ther be known a priori or observed as an 
integral part of the measurement scheme. In 
either case, it is necessary to know the parame­
ters used to define a satellite's orbit and ele­
ments of the coordinate system in which its 
positions will be expressed. 

14- 10-1. Satellite Orbits 

The path around the earth of an orbiting 
artificial satellite is approximately elliptical (see 
Figure 14-18a). An ellipse is the locus of points 
with a constant sum of distances from the two 
fixed focal points. For a satellite orbit, one 

Figure 14-17. Magnavox ANPRR-14 geoceiver. (Courtesy of Magnavox Advanced Products 
and Systems Co.) 
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focal point is at the geocenter (the earth's 
center of gravity). Ellipse size and shape are 
fixed by two parameters such as semimajor 
axis and eccentricity. The perigree point marks 
the satellite's closest approach to earth while 
the apogee is farthest away. If extended, a line 
connecting the perigee and apogee, the line of 
apsides, also passes through the ellipse's foci 
and coincides with the xs-axis of an orbital 
coordinate system. This is a right-handed, 
three-dimensional Cartesian system with its Ys­
and zs-axes in and perpendicular to, respec­
tively, the elliptical plane. 

The orbital ellipse orientation, with respect 
to an astronomical or celestial coordinate sys­
tem (see Chapter 17), may be defined by four 

D 

parameters: (1) the true anomaly, (2) argu­
ment of perigee, (3) inclination, and (4) the 
right ascension of the ascending node (see 
Figure 1418b). These four parameters, plus 
the semimajor axis and eccen>tricity, define a 
smooth nonvarying elliptical path and are 
sometimes referred to as the K£plerian orbital 
elements. However, an orbit would follow such a 
path exactly only if the earth was a uniform­
density sphere, and no disturbing forces acted 
on a satellite other than gravitational attrac­
tion toward the geocenter. 

Of course, these conditions are not satis­
fied, and disturbing factors such as the follow­
ing must be taken into account: (1) the earth's 
irregular gravity field; (2) attractions of the 

(a) 

Ys 

~-
Orbital coordinate system 

Perigee 

Elliptical orbit = locus 
of points with sum of 
distances from foci (0 and 0 ') 
= constant = (d. + dz) for point 
B = (2as) for all points 

Figure 14-18. Satellite orbit definition and orientation. 
(a) Elliptical satellite orbit and orbital coordinate system. 
(b) Astronomical orientation of elliptical satellite orbit. 
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~ North celestial pole 

Vernal 

(b) 

Figure 14-18. (Continued). 

F = true anomaly 

w = argument of perigee 

'~---""'YA 

Satellite 
hour circle 

"'-- Celestial equator 

i = inclination of orbital plane 

n = right ascension of ascending node 

S' = satellite position projected on celestial sphere 

sun, moon, and planets; (3) atmospheric drag; 
and (4) the sun's radiation pressure. The ef­
fects of these factors must be included in any 
mathematical model utilized to accurately 
compute or predict an orbit. The actual satel­
lite locations, disturbed from an ideal elliptical 
path, may be expressed as a closely spaced 
time series of three-dimensional coordinate 
positions. Alternatively, locations may be de­
fined by parameters for a mean elliptical orbit 
plus a time-variant set of corrections to be 
applied to obtain actual orbit positions. 

14-10-2. Coordinate Systems 

A satellite's orbital position must eventually 
be expressed in the same coordinate system 

used for a ground receiver station. To accom­
plish this, positions in the satellite orbital co­
ordinate system (see Figure 14-18a) are trans­
formed to an astronomical coordinate system 
(see Figure 14-18b) by rotating through three 
angles: (1) the argument of the perigee, (2) 
inclination, and (3) the right ascension of the 
ascending node. One additional rotation is 
required to transform satellite coordinates to a 
mean terrestrial system (see Figure 14-19). The 
rotation angle is Greenwich apparent sidereal 
time, a function of time and the earth's rota­
tion rate; it is the angle between the vernal 
equinox and mean Greenwich meridian. 

The mean terestrial coordinate system has 
its origin at the earth's center of gravity and is 
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Figure 14-19. Mean terrestrial coordinate system. 

thus a geocentric system. The Z-axis passes 
through the Conventional International Ori­
gin (CIO) pole, a reference north pole that 
differs from the instantaneous pole because of 
"polar motion" (see Chapter 13). The X-axis 
is oriented in the meridian that passes through 
the mean Greenwich Observatory in England. 

Geocentric Cartesian coordinates in the 
mean terrestrial system may be converted to 
geodetic latitudes, longitudes, and heights if a 
reference ellipsoid is selected. In most in­
stances, however, the geodetic coordinates de­
sired are those defined relative to the local 
geodetic datum, a nongeocentric system (see 
Chapter 13). For the general case, a three-di­
mensional coordinate transformation is re­
quired to convert receiver station coordinates 
from the mean terrestrial system to a geodetic 
datum. 

14-11. NAVY NAVIGATION 
SATELLITE SYSTEM 

As of 1986, six operational satellites were in 
near-circular polar orbits, with small eccentric-

ity values and inclinations near 90°. The satel­
lites orbit at approximately 1l00-km altitudes 
and have orbital periods of about 107 min. For 
such a satellite, the earth rotates "beneath it" 
about 27° of longitude per orbit. Thus, each 
satellite passes within the line of sight of a 
particular ground station at least four times 
per 24 hrs, two each as that satellite passes 
from north-to-south and south-to-north. The 
orbits are usually spaced so that the interval 
between available satellites varies from about 
35 to 100 min as a function of receiver lati­
tude, with the longest interval at the equator. 

Each satellite continuously broadcasts two 
coherent carrier frequencies, nominally 400 
and 150 MHz, with both signals derived from 
the same ultras table oscillator. Actual trans­
mitted frequencies are about 80 ppm below 
nominal values, or 32 and 12 KHz below 400 
and 150 MHz, respectively. The transmitter 
frequency must be stable, since the basic mea­
surement made by a ground station receiver is 
a function of small frequency shifts in the 
received signal caused by the Doppler effect. 

A satellite position is required for each ob­
servation, so orbital parameters must be known 



and observations accurately timed. A naviga­
tion message that defines the satellite's posi­
tion is phase-modulated onto the 400-MHz 
signal, beginning and ending every even 
minute. This broadcast ephemeris message in­
cludes so-called fixed and variable parameters. 
Fixed parameters, included in each 2-min 
message, define a smooth, precessing elliptical 
orbit for a 12-hr interval. Variable parameters, 
updated every 2 min, are used to correct the 
elliptical path and find actual orbital coordi­
nates at those times. Therefore, a transit satel­
lite's signal consists of two stable carrier fre­
quencies, precise timing marks, and a broad­
cast ephemeris message that defines its orbital 
coordinates as a function of time. 

The basic NNSS ground support system 
consists of four tracking stations (Maine, Min­
nesota' California, and Hawaii) plus two com­
puting and injection stations (Minnesota and 
California). Each tracking station observes 
Doppler data for signals transmitted from all 
satellites. The computing centers use the data 
for a particular satellite, plus historical track­
ing data, to compute parameters of the ob­
served orbit and predict its orbit for the next 
12 hr. Predicted orbit information is then 
transmitted from an injection station to up­
date that satellite's memory. 

14-12. GEODETIC DOPPLER 
RECEIVERS 

Portable Doppler receivers have been devel­
oped and marketed by several firms, including 
Magnavox Corporation,jMR Instruments, Inc., 
Canadian Marconi Company, Decca Naviga­
tion Company, and Motorola, Inc. Doppler 
receiver system components include a re­
ceiver, antenna, data recorder, and power 
supply unit. The weight of a typical receiver 
system is in the 25- to 40-kg range, making it 
feasible to hand-carry or backpack the unit to 
locations inaccessible to vehicles (see Figures 
14-20a and 14-21). A stable receiver oscillator 
generates a reference signal from which 400-
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and 150-MHz frequencies are derived; thus, 
these receiver references are approximately 80 
ppm higher than the respective satellite fre­
quencies. This ocsillator also drives a clock 
that can be synchronized to time marks in a 
satellite ephemeris message. 

Antenna design is important because the 
received signal strength is low. It must also be 
lightweight and transportable (see Figure 14-
20b). Mter an antenna is set up and leveled, 
offsets-both horizontal and vertical-are 
carefully measured from the station mark to 
the antenna's effective center (see Figure 14-
22). 

Some early receiver models recorded ob­
served data on punched paper tape (see Fig­
ure 14-17). Data recording and storage for 
most current models are accomplished by the 
use of magnetic tape cassettes (see Figure 14-
23). At least one receiver utilizes a bubble 
memory cartridge for data collection. Re­
ceivers are designed for all-weather operation 
and may be left unattended in an automatic 
data-acquisition mode. Current systems oper­
ate on l2-V battery power and include a mi­
croprocessor that controls receiver operations, 
tests for equipment malfunctions, verifies 
recorded data, and even provides on-site posi­
tion computations (see Figures 14-24 and 14-
25). Modular construction provides for easy 
field repairs. 

14-13. DOPPLER SATELLITE 
POSITIONING THEORY 

Due to relative motion of the receiver antenna 
and satellite transmitter, the satellite's con­
stant transmitted frequency-as a conse­
quence of Doppler shifts-is no longer constant 
when received at a ground station antenna 
(see Figure 14-26). As a satellite approaches a 
receiver station, received Doppler frequency is 
greater than satellite-transmitted frequency. As 
the satellite passes and the receiver-satellite 
distance, or satellite range, begins to increase, 
the received frequency drops below the trans-
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mitted value. This Doppler shift is a function 
of signal propagation velocity and the time 
rate of change of satellite range, whereas the 
received Doppler-frequency-curve slope is a 
measure of satellite range. 

Corresponding received Doppler and re­
ceiver reference frequencies are differenced 
to produce lower-frequency signals. The beat 
frequency for the 400-MHz signal is nominally 
32 KHz, with a maximum variation of ± 9 KHz 
due to the Doppler effect. The receiver in­
cludes a counter to observe the number of 
beat-frequency cycles that occur during suc­
cessive time intervals. Selected time intervals 
may be 2 min or shorter; commonly, nominal 

(a) 

30-sec intervals are used. During a typical 
satellite pass, 20 or more "30-sec Doppler 
counts" may be observed, the number de­
pending on how long the satellite remains 
above the horizon. The maximum number of 
counts, about 36, would result from horizon­
to-horizon tracking of a satellite that passed 
directly over the receiver. The beat-frequency 
cycle counts constitute the basic observables of 
a Doppler receiver. 

Each Doppler count is a measure of the 
satellite-range change during a corresponding 
time interval-e.g., range difference (r2 - r1) 

that occurs during time interval (t 2 - t 1) in 
Figure 14-26a. Each range difference can be 

Figure 14-20. (a) ]MR-2000 global surveyor carried in standard backpack frame. (b) 
]MR-2000 global surveyor showing antenna storage. (Courtesy of ]MR Instruments, Inc.) 



(b) 

Figure 14-20. (Continued) 

expressed mathematically as a function of 
electromagnetic wave propagation velocity, re­
ceiver reference frequency, Doppler count, 
Doppler-frequency shift, and time interval (see 
Equation 1 in Figure 14-26c). 

A range difference is also a function of 
satellite coordinates and receiver antenna co­
ordinates, since an individual range can be 
expressed geometrically in terms of end-point 
coordinates. The antenna position is the de­
sired unknown, so estimated coordinates are 
substituted initially. Satellite coordinates are 
computed from the orbital parameters de­
fined by broadcast ephemeris data. If 30-sec 
Doppler counts are used, required satellite 
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positions corresponding to those intermediate 
times are interpolated from positions defined 
at 2-min time marks. By combining these two 
range-difference expressions (Equations 1 and 
2 in Figure 14-26c), a nonlinear observation 
equation is formed (Equation 3 in Figure 14-
26c). Each Doppler count corresponds to a 
similar equation, with antenna coordinates as 
only unknowns. These equations are lin­
earized and solved by the least-squares method 
(see Chapter 16) to find corrections to the 
estimated coordinates. The solution is iterated 
until a three-dimensional set of antenna coor­
dinates is found that best fits observed Doppler 
counts. 
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FIgUre 14-21. Motorola Mini-Ranger satel­
lite survey system in carrying cases. 
(Courtesy of Motorola, Government Elec­
tronics Group.) 

14-14. DOPPLER DATA-REDUCTION 
METHODS 

Doppler surveys may be performed in two 
different modes: (1) point positioning or (2) 
relative positioning. Single point positioning 

FIgUre 14-22. Magnavox MX 1502 
geoceiver satellite surveyor field site 
setup. (Courtesy of Magnavox Ad­
vanced Products and Systems Co.) 

can be done with one receiver any place on 
earth. A point's three-dimensional geodetic 
position in the satellite coordinate system can 
be computed with data from as few as two 
satellite passes. Relative positioning requires 
simultaneous operation of a minimum of two 



receivers: One occupies a station with known 
geodetic coordinates, the other is placed at an 
unknown point. The data-reduction process 
involves solving for the coordinate differences 
between the two stations and then applying 
them to the known station coordinates to find 
those of the unknown point. A relative-posi­
tioning Doppler survey may utilize more than 
two receivers if desired, thereby gaining addi­
tional reliability from the network configura­
tion produced. 
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Figure 14-23. Data tape cassette for Mo­
torola Mini-Ranger satellite sUIVey system. 
(Courtesy of Motorola, Government Elec­
tronics Group.) 

A two-dimensional "horizontal" pOSItion 
can be determined by using data collected 
during a single satellite pass, but a position so 
obtained may have up to a 30-m uncertainty. 
This figure can be greatly reduced by collect­
ing and reducing the Doppler data for multi­
ple satellite passes. Three-dimensional re­
peatability has been reported to be about 9 m 
for lO-pass solutions, 5 m for 50-pass solutions, 
and 2 m for lOO-pass solutions. These results 
were obtained using orbital parameters from 

FIgUre 14-24. Receiver control panel for 
Magnavox MX 1502 geoceiver satellite sur­
veyor. (Courtesy of Magnavox Advanced 
Products and Systems Co.) 
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FJgUre 14-25. Control panel for JMR-2000 global surveyor in operation. (Courtesy ofJMR 
Instruments, Inc.) 

the broadcast ephemeris and predicted values 
used on tracking data that is a minimum of 6 
hr old at the time of the satellite pass. Errors 
in satellite orbital positions have a large effect 
on computed receiver station coordinates. 

A postcomputed orbit, based on tracking 
data taken at about the same time as the 
observed satellite pass, will yield better results. 
Computed and distributed by the U.S. Depart­
ment of Defense, this precise ephemeris is based 
on two days of tracking data obtained at over 
20 stations distributed around the world. 
Point-positioning repeatability obtained using 
the precise ephemeris has been reported to be 
about 1 m or smaller for 10- to 33-pass solu­
tions, whereas accuracies better than 1 m have 
been reported for multiple-pass solutions com­
pared to external references such as the high­
precision geodimeter traverse. The precise 
ephemeris has several disadvantages: (1) It is 
not generally available for public use; (2) it is 
only available for one or two of the satellites; 
and (3) receipt of ephemeris data, for autho-

rized users, is delayed as much as a week or 
more, so position computation cannot be done 
in "real time." 

Doppler satellite relative positioning, in its 
simplest form, is referred to as translocation. 
Relative-positioning methods provide im­
proved accuracy because they take advantage 
of highly correlated position errors for two or 
more receiver stations located in the same 
general area. These errors included effects of 
atmospheric propagation delays as well as or­
bit inaccuracies. Translocation uses data from 
each satellite pass observed simultaneously by 
two or more receivers. The short-arc method, 
another relative-positioning data-reduction 
technique, is similar to translocation, except 
that additional unknown parameters are in­
cluded in the solution to permit adjusting the 
satellite orbit. The semi short-arc method like­
wise provides orbit adjustment, but it utilizes 
fewer additional parameters and yields a 
slightly less rigorous solution. Accuracies of 50 
cm or better have been reported for multiple-
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Figure 14-26. Doppler satellite positioning theory. (a) Satellite-transmitter /receiver-antenna geometry. (b) Receiver 
Doppler count measurements. (c) Doppler positioning mathematical model. 
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pass solutions using translocation, and short­
arc multiple-pass computations have yielded 
reported accuracies within 10 cm. 

Although nominally a known value, the 
difference between ground reference and 
satellite-transmitted frequencies (fR - j,) is 
treated as an unknown in a position solution. 
Small frequency drifts of each oscillator may 
be accounted for in this manner. 

14-15. GLOBAL POSITIONING 
SYSTEM 

The GPS is a worldwide system of navigation 
satellites implemented by the U.S. Department 
of Defense (see Chapter 15). 

14-16. GPS EXPERIENCE AT THE 
NGS 

The NGS's first experience with the GPS was 
inJanuary 1983, as a participant of the FGCC's 
test of the Macrometer V-IOOO survey system. 
In March 1983, the NGS acquired two 
Macrometer V-IOOO GPS receivers. Test sur­
veys were conducted from April through July; 
in September, the first of several operational 
control survey projects was begun, and in Oc­
tober 1983, a third Macrometer V-lOOO was 
acquired. 

In cooperation with the U.s. Defense Map­
ping Agency, the NGS conducted its first GPS 
satellite survey with Texas Ins::ruments TI-4lO0 
geodetic receivers in June 1984. In May 1985, 
two of seven TI-4100 GPS satellite receivers 
acquired by NGS were delivered; tests began 
that month, and the first operational survey 
started in June. Two more receivers were de­
livered by December 1985 and the remaining 
three units scheduled or use by the summer of 
1986. 

The NGS experience in GPS satellite sur­
veying has been extensive, with projects car­
ried out in various regions of the contermi­
nous United States and Alaska. Over 50 GPS 

survey projects have been carried out since 
early 1983, involving the occupation of more 
than 500 stations. These GPS survey projects 
were executed to meet a wide range of control 
requirements or special survey investigations. 
The extensive experience gained from these 
surveys has clearly demonstrated that observa­
tions of GPS satellite signals yield very accurate 
three-dimensional relative-position data. De­
pending on spacing between stations, centime­
ter- to decimeter-level relative-position accura­
cies have been achieved. Because uncertainity 
levels in the order of centimeters can be ob­
tained at a significant reduction in costs com­
pared with conventional methods, the NGS 
has adopted GPS satellite surveying technology 
as the primary way to establish geodetic con­
trol. Consequently, this acceptance of GPS as a 
primary tool is affecting everyone involved in 
control, land, and engineering survey prac­
tices. Chapter 15 provides current practical 
survey techniques using GPS. 

14-17. CONCLUSIONS 

Inertial and satellite geopositioning technolo­
gies are revolutionary developments that have 
already had a significant impact on surveying 
practices. Inertial surveying methods are par­
ticularly appropriate for large projects that 
require rapid repositioning of widely scattered 
points or a high density of points in a smaller 
area. A truck- or helicopter-mounted ISS has 
the potential for high productivity in moder­
ate-to-high precision applications. Because of 
its absolute point positioning capability, the 
Doppler satellite method is well suited to the 
establishment of control networks in remote 
areas. Doppler surveys are also appropriate for 
relative positioning of widely separated control 
stations. 

The impact of GPS surveying technology is 
being felt and will continue to advance rapidly. 
Surveyors need to be aware of its potential and 
learn as much as possible about the principles 
of GPS surveying practice. Although by no 



means a panacea, GPS satellite surveying tech­

nology is proving to be a very useful tool in 

satisfying general and special control surveying 

needs. In particular, it has been or is poten­

tially applicable in the following: 

1. Strengthening the existing national geodetic 
reference system (NGRS) 

2. Establishing new horizontal and vertical con­
trol connected to the NGRS 

3. Providing data to improve estimates of 
geoidal undulations 

4. Determining reliable estimates for geoid 
height differences and useful values for or­
thometric heights at points not connected 
by differential leveling to the national verti­
cal control network 

5. Greater efficiency in establishing network 
control 

6. Complementing and thereby enhancing the 
usefulness of other precise survey systems, 
such as the inertial survey and total station 
methods 

7. Making high-precision measurements at the 
cm- to few-cm-Ievel for purposes such as 
measuring horizontal motion, monitoring 
land subsidence and uplift and special engi­
neering surveys for deformation studies, etc. 

The GPS surveying technology is a revolu­
tionary tool expected to dominate the state of 
the art for control and geodetic surveying 
through the end of this century. 
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15 
Global Positioning System Surveying 

(GPS) 

Bryant N. Sturgess and Ellis R. Veatch II 

15-1. INTRODUCTION 

This chapter is not intended to be a text on 
global positioning surveying. The bibliography 
contains many other sources that will greatly 
expand one's knowledge of the topic to any 
depth or breadth required. The objective of 
the chapter is to provide information to elimi­
nate problems commonly experienced by first 
time users of GPS technology. Some related 
topics are triangulation (Chapter 11), trilatera­
tion (Chapter 12), geodesy (Chapter 13), and 
inertial and satellite surveys (Chapter 14). 

The navigation satellite time and ranging 
(NAVSTAR) was developed by the Department 
of Defense (DOD) as a three-dimensional, 
satellite-based, 24-h, global, all-weather naviga­
tional system. 

The use of differential GPS as a surveying 
tool was not considered in its initial develop­
ment and early satellite launches that began in 
February 1978. Surveying and other nonnavi­
gational applications are added bonuses devel­
oped primarily by the private sector. GPS has 
eclipsed and will ultimately transcend the use 
of classical and conventional surveying instru­
mentation and techniques such as triangula­
tion, trilateration, and traversing, while pro­
viding a highly accurate, precise, and cost-ef­
fective technology for control extension, con­
trol densification, airborne and terrestrial 
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photo control, deformation monitoring, hy­
drographic positioning, and a host of other 
applications. GPS has pushed many applica­
tions of conventional instrumentation into ob­
solescence. With internal system precision of 
better than 1 ppm, GPS is often several orders 
superior to the basic primary control on which 
the subsequent constrained adjustment of GPS 
observations is based. The National Geodetic 
Survey (NGS) now uses GPS exclusively for 
horizontal control work. 

The planned constellation of 21 satellites 
and three spares in 12-h orbits at an altitude of 
20,180 km will provide visibility of five or more 
satellites, 24 h a day to users over the globe. 
The satellites are arranged four to an orbital 
plain, with six circular planes inclines at 55° to 
the equator and skewed 60° between each 
other. The mandate is for mission control to 
maintain 21 operational satellites at all times, 
providing three-dimensional positioning 
around the clock as shown in Figure 15-1. The 
system will have three working spares to help 
ensure the continuation of this level of cover­
age. 

This constellation array has been delayed, 
but by the end of 1991, the system contained 
16 operating satellites with five prototype block 
I's and 11 production model block II's provid­
ing virtual 24-h satellite visibility sufficient for 
two-dimensional position, and 18-h three-di-
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Figure 15-1. Projected satellite availability as of May 10, 1994, 15° cutoff. 

mensional position in latitude, longitude, and 
height with a 10° cutoff angle above the hori­
zon. With a 15° cutoff angle, the available time 
is reduced by 2t hr to a 15t-hr three-dimen­
sional observation period as in Figure 15-2. 

Figures 15-1 and 15-2 are taken from typical 
mission planning software that shows satellite 
availability. Figure 15-1 demonstrates satellite 
availability for May 10, 1992 at Sacramento, 
CA when three-dimensional GPS measure­
ments were possible using four or more satel­
lites. Also shown are periods when only two-di­
mensional (x, y) measurements were possible 
with three satellites, and times shown with 
black shading when the constellation was not 
sufficient for surveying purposes. 

15-2. GPS BASICS 

Position computations with GPS are done by 
ranging to the satellites. The satellite positions 
are known-i.e., they are computed from the 
orbit parameters in the broadcast ephemeris. 

By intersecting the ranges (analogous to dis­
tances) from multiple satellites, the position of 
the receiver antenna can be calculated, in 
effect, performing a classic resection in which 
the known stations are the satellites. 

At least four satellites are required to com­
pute a three-dimensional position. The ranges 
from three satellites would provide a good 
position if the timing were perfect. However, 
two clocks are being used: the satellite clock 
and receiver clock. If the receiver clock is 
different when compared to the satellite clock, 
and it always is, the computed position will be 
wrong by the amount the receiver clock is 
offset from the satellite clock. A fourth range 
is required to solve for the receiver clock 
offset to compute a position. 

The GPS system is based on time. Precise 
atomic clocks control the frequency of the 
carrier signals and timing of code and message 
modulations. The code itself does not convey 
information; it is simply a set of unique pat­
terns that are used to identify the satellites and 
pick the signal from the background noise. 
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Figure 15-2. Satellite availability as of May lO, 1992, 15° cutoff. 

Each satellite has its own code and signature. 
The range to a satellite is measured by corre­
lating the code generated by the satellite with 
the same code generated by the receiver to 
determine the time shift between the two 
codes, or the transmission time of the satellite 
code, as illustrated in Figure 15-3. 

The transmission time multiplied by the 
speed of light provides the distance, or range, 
to the satellite. This measurement contains 
several sources of error and is therefore 
termed a pseudorange, meaning a false range 
or range with error. These errors are primarily 
clock errors, but also include orbit error and 
signal delays caused by the ionosphere and 

Receiver generated CO"OI 

Satellfte generated code 

Figure 15-3. Code correlation. Time shift (dT) between 
the receiver-generated code and satellite-generated code. 

troposphere. These errors limit the accuracy 
of CPS in computing point positions. 

By using two receivers, many of the errors 
in the system can be cancelled. In differential 
navigation or code-phase ranging, the differenc­
ing is done by computing range corrections 
derived by comparing the observed ranges with 
the expected ranges based on the known posi­
tion of the base receiver. The range correc­
tions are then broadcast and applied by the 
remote receiver in its position computations. 
The resulting positions are accurate to 1 to 10 
m as opposed to the 10- to 100-m accuracy of a 
standalone receiver. Although providing an 
improvement in position accuracy, pseudo­
range corrections are still quite inadequate for 
surveying use. There is, however, a second 
kind of ranging available. 

Carrier-phase ranging, using the wavelength 
of the underlying carrier frequency, is em­
ployed for surveying measurements. Whereas 
code-phase ranging is straightforward (time of 
transmission multiplied by speed of light equals 
the distance to the satellite), carrier-phase 



ranging introduces an ambiguity into the ob­
servations. The receiver can measure the phase 
of a carrier wavelength very accurately, but it 
cannot directly measure the whole number of 
wavelengths associated with the first measure­
ment of phase. This unknown number of cy­
cles is referred to as the phase ambiguity or 
integer bias. The combination of the phase 
measurement and integer bias equals the ini­
tial range to satellites. The elements of a car­
rier base range are illustrated in Figure 15-4. 

This situation is somewhat analogous to 
measuring a long distance with a surveyor's 
canyon chain when the head chain person is 
out of voice contact with the rear chainperson. 
The hundreths are recorded precisely at the 
head end of the chain, but the exact number 
of feet are not known until the head and rear 
chaining notes are later combined. By know­
ing the orbits of the satellites and keeping 
track of the change in ranges throughout the 
observation session, the integer biases can be 
computed, thereby determining which foot the 
hypothetical rear chain person was actually 
reading at each satellite. 

By refining the ruler and differencing the 
carrier-phase measurement made with two re­
ceivers, not only are common errors removed, 
but accuracy is substantially increased. Mil­
limeter measurements are made possible using 
a system originally designed for several-meter 
accuracy. 

Fractional phase 
measured 

Unknown number of 
whole cycles associated with 
the first measurement, i.e. the 
inHiaJ range ... determined 
in postprocessing 

Figure 154. The carrier.phase range. 
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Three-dimensional base lines, or vectors, 
are the result of these efforts. Any GPS survey 
project is simply a collection of three-dimen­
sional (spatial) vectors. 

15-3. BASIC NETWORK DESIGN 

U.S. Geological Survey quadrangle maps at a 
scale of 1: 24,000 (7 t min) remain a most 
useful tool for preplanning. However, other 
types of maps and resources, such as commer­
cial road maps, county atlases, state highway 
maps, county assessors' maps, and aerial pho­
tography, are all valuable for providing addi­
tional information in those areas where the 
quadrangles are either not topical, or out­
dated. In any event, select the most current 
map and plot all available (existing) horizontal 
and vertical control of the highest order avail­
able in the area and obtain network diagrams, 
station descriptions, and to-reaches from the 
appropriate government agencies such as the 
NGS, county surveyor, or local highway de­
partment. Plot the location of the horizontal 
and vertical control on the quad and then add 
the locations for which GPS positions are de­
sired. So far, this is no different than the 
preplanning formerly required for conven­
tional instrumentation for triangulation 
(Chapter 11) or trilateration (Chapter 12). 

The location and relative distribution of the 
existing control are not as rigorous with GPS 
as with earlier conventional terrestrial tech­
nology. GPS is very sensitive to satellite geome­
try and less sensitive to network geometry. An 
example of good satellite geometry would be, 
say, four or more satellites spread out over the 
sky in different quadrants, as compared to the 
same satellites bunched together near the 
zenith. 

GPS does not require station intervisibility, 
except in those cases where a check azimuth is 
required on an adjacent control net, or for 
purposes of establishing an eccentric (ECC) to 
an existing monument that is not possible to 
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occupy with GPS due to local obstructions 
screening the satellites. In those instances 
where an ECC is necessary, two intervisible 
GPS stations are required in order to provide 
for the necessary backsight for conventional 
measurements. The minimum acceptable dis­
tance between the GPS stations for subsequent 
conventional terrestrial work is dependent on 
the accuracy required for the resulting az­
imuth. Table 15-1 provides a handy reference 
for determining station spacing. 

There are factors that must be considered 
in designing the network. For example, the 
following conditions need to be given consid­
eration before any network design can begin: 

1. Standards and specifications for project: 
What minimum accuracy is required to ac­
complish the needs of the project while pro­
viding for necessary redundancy. 

2. Distribution of existing horizontal and verti­
cal control. 

3. Minimum and maximum existing network 
control. 

4. Minimum and maximum secondary station 
spacing. 

It is a good idea to include as many existing 
network horizontal control points in the GPS 
schedule as economically possible. The num­
ber is independent on the relative size of the 
GPS project and funding envelope. Commonly 
a minimum of three existing NAD 83 horizon­
tal control stations of 1 : 100,000 are included. 

Table 15-1. Station Spacing 

Station Spacing (m) +-

100 
200 
300 
400 2 

If NAD 83 stations are not available, then 
select the highest order in the area. On larger 
projects such as shown in Figure 15-5, existing 
horizontal control stations were used to con­
trol the network, providing maximum geomet­
rical redundancy with good success. It is best 
to err on the side of generosity in the selection 
of horizontal and vertical project control. Place 
as much as can be afforded. 

The heights produced from GPS surveys are 
referenced to the ellipsoid, not the geoid. 
Constantly, it is necessary to include bench 
marks referenced to NGVD in the GPS obser­
vation scheme as well. The selection of at least 
three bench marks spaced somewhat evenly in 
the area might be adequate on smaller pro­
jects of approximately 15 to 20 km. However, 
in projects where the separation between the 
ellipsoid and geoid are irregular, as could be 
expected in foothills or mountainous areas, 
more benches will be necessary to allow for 
accurate modeling should GPS be used to 
generate orthometric elevations (NGVD) for 
photo control or other engineering projects. It 
is important that the selected bench marks 
used to· control the GPS survey have not been 
disturbed, and the elevation of the BM is con­
sistent with that of adjacent BMs in terms of 
epoch and loop adjustment. It may be neces­
sary to validate the elevation with a conven­
tionallevel run if either stability or elevation is 
in doubt. 

Network design can be a very individualized 
process. Probably the most common method is 
to simply link stations by sessions, leap frog-

Azimuth Accuracy 
Arc Seconds (one sigma) 

2 4 6 10 

mm Confidence 

3 5 
2 4 6 10 
3 6 9 l4 
4 8 12 19 



ging from session to session until all stations 
have been connected. This tends to be a ran­
dom method and often results in networks 
with one or more unnecessary sessions. The 
following design process is an attempt to be 
more orderly. It is based on, but does not 
rigorously follow, NGS guidelines. These 
guidelines can be found in Geometric Geodetic 
Accurary Standards and Specifications for Using 
CPS Relative Positioning Techniques. l 

The first step in designing an efficient net­
work is to connect the stations into loops of 
nontrivial base lines as shown in Figure 15-6. 
This provides the framework of the network 
and allows loop closures according to NGS 
specification. In Figure 15-6, the network has 
been connected into three loops. The loops 
should contain no more than 10 base lines 
and not exceed 100 km in perimeter. 

When creating the loops, try to keep them 
as "boxy" as possible. Avoiding a series of 
parallel loops will allow more flexibility in the 
second step. 

The second step connects the nontrivial 
lines together in sessions. Each session should 
contain N - 1 (where N is the number of 
receivers being used) of the nontrivial loop 
base lines. In Figure 15-7, four receivers are 
being used and each session contains three 
loop base lines. The network is complete in 
seven sessions with no extra work; tlierefore, 
there are 21 nontrivial base lines in our net­
work. Conversely, if you know the number of 
nontrivial base lines in your network, you know 
exactly how many sessions you need to com­
plete the observations. 

Try several approaches to each network. 
Networks do not always work out as cleanly as 
the example above. The addition of one other 
station in the network above would create two 
more nontrivial base lines and necessitate an­
other session. 

A good way to practice is to put a group of 
dots on a sheet of paper and make several 
copies. Try different loops and session groups. 
The example in Figure 15-7 is based on using 
four receivers; try laying out the same network 
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for three receivers (two nontrivial lines per 
session instead of three). Practice leads to ef­
ficiency. 

The term nontrivial as used above to de­
scribe the base lines in the loop framework is 
somewhat misleading and has been misused. 
As used here, it denotes the minimum number 
(N - 1) of base lines necessary to connect all 
stations in a session. Whether or not there are 
any trivial base lines is dependent on the pro­
cessing method. The trivial base lines in Fig­
ure 15-7 are shown as dashed lines. These 
lines are only trivial if the processing software 
considers the data from all receivers at the 
same time, i.e., multi-base-line processing, re­
sulting in true zero loop closures. If the base 
lines were processed independently, as is usu­
ally the case, the resulting lines [(N*(N-
1)/2] are correlated, but they are not trivial. 
A recommended method is to process all base 
lines independently and use them in the net­
work. In redundancy is strength. A fundamen­
tal rule in GPS surveying is, "Think network, 
not traverse." 

A summary of recommendations for con­
trolling a GPS network follows: 

l. Horizontal. Technically two stations will pro­
vide an azimuth and a scale. However, there 
would be no redundancy for either azimuth 
or scale. It is recommended that the project 
be bracketed with NAD 83 horizontal con­
trol, three stations minimum, whereas four 
or more horizontal stations are recom­
mended for larger control projects. 

2. Vertical. Three stations are sufficient to solve 
for the two tilt biases: east-west and north­
south. A fourth vertical provides a necessary 
redundancy. The tilt defines the slope of the 
geoid in relation to the ellipsoid and may be 
sufficient to provide reliable elevations in 
small areas where the geoid is fairly consis­
tent. In areas where gravity anomalies are 
suspected or in projects over large areas, 
using a geoid model will be necessary to 
provide good elevations. The geoid model 
may be improved by comparing elevation 
differences and ellipsoid height differences 
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FIgUre 15-6. Nontrivial base line loops. 

between known bench marks. Terrain 
changes can provide clues to the existence 
of gravity anomalies. For example, a gravity 
anomaly might be indicated in an area 
marked by the transition of valley floor to 
foothills, or by foothills to mountains. Use 
caution in mountainous regions by provid­
ing a generous number of known elevations. 
NGS specifications outline the frequency of 
multiple occupations required for a typical 
network. For example, 10% of the stations 
require triple occupation, whereas 5% of 
the base lines require double measurement 
loops. Thirty% of the new stations, 100% of 
the vertical control, and 25% of the hori­
zontal control, any azimuth pairs, all require 
double station occupation. Designing a net­
work to meet NGS specifications often re­
sults in more sessions and is, consequently, 

Figure 15-7. Trivial base lines (dashed) and nontrivial 
base lines (solid). 

more expensive. Current NGS specifications 
may be obtained by directly contacting the 
agency. See Appendix 2 for its address. 

15-4. RECONNAISSANCE 

CPS reconnaissance in many respects is similar 
to conventional reconnaissance with one ma­
jor exception: Usually, CPS does not require 
stations to be intervisible as in conventional 
terrestrial surveying. There are times, how­
ever, when intervisibility is a requirement. One 
such occasion would be when an independent 
validation of either the CPS system or primary 
control net is included for purposes of fur­
nishing an independent check on the CPS 
measurements and/or adjustment. Until CPS 
technology is a universally accepted and rec­
ognized technique by the courts, this might 
serve as a method of convincing either the 
judge or jury that the results are what they are 
claimed to be. As time goes on and the use of 
CPS becomes a surveying technique used by 
more surveying organizations, this idea of val i­
dation will become of lesser and lesser impor­
tance. Another possible situation where in­
tervisibility is a requirement occurs when a 
backsight is necessary in a CPS network to 
provide an azimuth for use by conventional 
terrestrial survey measurements to position a 
point that is not possible to occupy with a CPS 
antenna due to obstructions restricting line of 
sight to the satellites. 

It is essential that all primary control be 
validated at some time during the CPS cam­
paign to ensure no disturbance of the station. 
Usually, the checking of published measure­
ments from the reference monuments (RMs) 
to the station will satisfy at least a part of the 
validation relating to site stability or possible 
disturbance. There is another validation that 
should take place in any primary network be­
fore published primary control positions are 
accepted in the final constrained adjustment 
of CPS base lines. That is the direct measure-



ment between primary network control sta­
tions using CPS receivers. This may seem to be 
an unnecessary luxury, or perhaps overkill. 
However, the direct measurement between 
primary control stations serves as the best evi­
dence of regional stability and fit with the 
control possible. 

Pre-NAD 83 (NAD 27, e.g'), it was always a 
good idea to determine if the primary control 
being used for the campaign was entirely 
within the same NCS network adjustment. 
Post-NAD 83, this practice is no longer as 
rigid. Most NAD 83 positions have been vali­
dated to better than 1 part in 100,000. Never­
theless, sufficient occupations should be 
planned to verify the adjustment before the 
control is used. Usually, the CPS campaign will 
result in so-called free (unconstrained) adjust­
ments that are superior to the constrained 
(fixed) ones. This is a situation rarely, if ever, 
experienced with conventional terrestrial sur­
veys except those of the highest order. 

15-4-1. Public Contact Strategy 

More often than not, existing primary con­
trol necessary for referencing the CPS cam­
paign' as well as monumentation that must be 
established during the campaign, is located on 
private (or government) property belonging to 
someone other than the client. In these cases, 
proper permission or notification for entry 
should be obtained. Securing permission of 
the property owner to enter private property, 
is not only good business, but it is polite, and 
in some locales, it will keep the surveyor out of 
legal complications. A diligent attempt must 
be exercised to secure proper permission. Fail­
ing this, the owner could be sent a letter of 
intent to enter the property to a survey with 
some explanation of the survey's purpose. 

15-4-2. Site Selection 

CPS sites must be selected free of signifi­
cant obstructions and multipath conditions. 
Multipath is caused by an object or a media 
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that causes signal reflection. Multipath condi­
tions can result from metallic objects located 
above the antenna plane such as buildings, 
signs, semitrailers, tankers, chain-link fences, 
all of these can be a common source of multi­
path. In short, avoid sites where signal-reflect­
ing material is above the plane of the antenna. 
Figure 15-8 is an actual NCS primary control 
station site where a metal-sided fire lookout 
tower was a source of not only severe multi­
path, but also potential satellite signal block­
age covering nearly 40° in azimuth and nearly 
45° in altitude (see Figure 15-9). 

Objects interfering with a direct signal from 
the satellite during the planned observation 
periods cause cycle slips. When a satellite sig­
nal is obstructed in any way, tracking is inter­
rupted. However, when lock to the satellite is 
regained, the fractional part of the measured 
phase is restored. The lost integer count will 
be repaired during postprocessing. The signals 
propagate from the satellite and are transmit­
ted to the receiver antenna along the line of 
sight. These signals cannot penetrate water, 
soils, walls, trees, buildings, or other obstacles. 
Standing between the receiver antenna and 
satellite can interrupt signals. Consequently, 
while the data are being collected, the opera­
tor should stay away from the antenna to avoid 
excessive blockages of signals resulting in cycle 
slips. Cycle slips are a loss d count and could 
be one cycle or a billion cycles (1 billion cycles 
represents 1 sec of signal transmission). Occa­
sional cycle slips are not a problem and will be 
automatically repaired by the postprocessing 
software. Excessive cycle slips or blockages 
should be avoided. Figure 15-9 shows a polar 
plot of the terrain depicted in Figure 15-8, 
with the track of the satellites superimposed. 

In this example, it can be seen that at 
approximately 0030 hours, satellite no. 11 will 
disappear behind the fire lookout structure. 
Accordingly, should CPS observations be 
planned between 2320 and 0020 hours, satel­
lite no. 11 will be visible. However, multipath 
will still remain as a significant problem due to 
the metal slab-sided structure and positions of 
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F1gure 15-8. NGS station "Red top" showing a metal-sided building, the source of severe multipath conditions. 

the balance of satellites from azimuth 90 to 
320°. An eccentric station was necessary at this 
location to eliminate potential multipath con­
ditions. 

The adage "monuments are where you find 
them" remains true today. Established monu­
ments are either clear for CPS measurements 
or they are not. Often, the latter is the com­
mon case, as in the example shown in Figure 
15-8. In the event the sky is obstructed, a 
location must be selected for the setting of an 
eccentric station that has a clear view of the 
sky from the mask limit of, say, 15 to 20° to the 
zenith. 

Site selection for new monumentation can 
be determined after the consideration of a few 
basic elements. It is not a complex operation 
and in many ways has similarities to conven­
tional field methods. The site must be con-

ducive to the installation of the type of monu­
mentation specified for the campaign. Future 
access to the site must be considered as well as 
monument survivability. If the location forms a 
part of the overall CPS network, then consid­
eration must be given to its long-term preser­
vation for subsequent use by others. It is only 
fair that the property owner be advised that 
other surveyors might require the use of this 
new station in the future with the possible 
result that the initial setting of the station 
might establish a precedence for continued 
usage. 

If it is likely that the new station will be 
needed in the future for other possible activi­
ties, anticipate the effect tree growth will have 
on satellite visibility, or the relative safety of 
the site from construction activities, vandalism, 
or road widening, e.g. It is not possible to plan 
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California State Lands Commission 
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Figure 15-9. Polar plot of NGS "Red top." 
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for all contingencies, but a greater percentage 
of new monumentation will survive the perils 
of development, agricultural activities, etc. and 
be usable for the next surveying job if some 
though is given to site selection. 

Since GPS allows a high rate of productiv­
ity, easy station accessibility for the receiver 
operators is an essential element, no matter 
which technique for GPS measurement is se­
lected, be it rapid-static, static, pseudokine­
matic, or kinematic. It is necessary for the 
receiver operators to get to the station in the 
least amount of time possible in order for the 
project to proceed with the smallest opera­
tional cost and highest productivity. The selec­
tion of GPS sites must be maximized for easy 
setups, while avoiding unnecessary walking to 
the station when a slight change of location 
would result in a drive-to-station. Avoid loca­
tions that require the excessive unlocking and 
locking of gates if possible. If access by key is a 
requirement, it would be advisable to have a 
duplicate set made for each receiver operator. 
By taking this precaution, no access complica­
tions will occur since all operators can access 
any locked area. This is one less problem to 
address and allows full flexibility in station 
assignments during the GPS measurement 
phase of the campaign. 

Give consideration to the time of year when 
the actual observations will be scheduled. Ac­
tually, the reconnaissance should be followed 
as closely as possible by the GPS schedule with 
a minimum of delay because conditions rapidly 
change in the field. Reconnaissance done in 
the spring of the year might indicate a particu­
lar station and site with its resulting polar plot 
to be clear of obstruction, but its GPS occupa­
tion 2 or 3 wk later could fail due to the 
growth of arboreal foliage, or perhaps con­
struction activities. 

If the campaign is scheduled during the 
rainy season, determine if the site might be 
subject to ponding by water, or made inacces­
sible due to mud, and that vehicular access 
will be possible along the planned access route 
under these conditions. As late as 1990, due to 
limited satellites and inadequate geometry, it 

was a given that at least part of the year GPS 
operations would be conducted during night­
time, or part day and part night depending on 
the time of the year. In 1992, yearround day­
time use was possible in the midlatitudes due 
to the increased numbers of satellites made 
available during 1990 and 1991 providing 24-hr 
two-dimensional coveraged 18-hr three-dimen­
sional position in latitude, longitude, and 
height with a 10° cutoff angle. With a 15° 
cutoff, the available time is reduced by 2t hr 
to a 15t-hr observational period. What this 
means is that at the present and for the future, 
nighttime GPS will be necessary only for cer­
tain applications. One such application where 
such a schedule would be advantageous is in 
an area of high daytime traffic, or a hazardous 
location that if occupied at night would make 
the site less perilous for the receiver operator. 
Another application of nighttime operations 
would be the case of maximizing productivity 
by incorporating both daytime and nighttime 
missions when time constraints are a factor 
and maximum productivity is paramount. 

With proper site selection and planning, 
nighttime observations can approach produc­
tivity levels associated with daylight. If proper 
consideration has not been given to site selec­
tion, access, safety, or logistical considerations, 
nighttime operations, as well as daytime CPS 
operations, will not be productive. 

15-4-3. Monumentation 
The criteria used for the selection of sites 

and setting of existing control monuments 
during the era when control extension utilized 
conventional instrumentation were different 
than presently is the case for GPS. Earlier 
networks rquired line-of-sight visibility be­
tween adjacent network stations, sometimes 
only obtainable from the erection of tall inner 
and outer observation towers placed over the 
stations. Generally, clear visibility from 10° 
above the horizon to the zenith was not a 
requirement except in cases where a Laplace 
observation or an astronomic azimuth was a 
requirement. CPS, on the other hand, re-



quires no station intervisibility, but line of sight 
to the satellites. 

In some ways, GPS is no different than 
conventional control densification or exten­
sion in the selection of the type of monumen­
tation for installation. Depending on the in­
tended use of the new station, the monumen­
tation may be of temporary design for short­
term use such as ECC to a property corner or 
photo control point that cannot be occupied 
due to satellite signal interference caused by 
the proximity of buildings, trees, or other ob­
structions. The selection of monumentation in 
this example could be typically a hub, nail and 
tin, pipe, or rebar. For those stations requiring 

Global Positioning System Surocying (GPS) 347 

some degree of permanence, consideration 
should be given to one or a combination of 
commercial ultrastable three-dimensional 
types, as in Figure 15-10, constructed of alu­
minum or stainless steel rods driven to refusal, 
then capped, collared, and covered for identi­
fication and protection. In some cases, due to 
local site requirements, it might be necessary 
to bury the monument to ensure survivability. 
Generally, the use of poured-in-place monu­
ments has fallen into disfavor as permanent 
GPS stations or even bench marks, for that 
matter, due to possible vertical instability, so 
careful consideration should be given to the 
actual planned use of the monument. A per-

HINGED METAL COVER 

1 In. 1.0. PVC PIPE --1r--~"1 
(3 Ft. Long) 

DRIVING TIP 

~ 

5 In. I.D. PVC PIPE 
( 2 Ft. Long, Grea6e-Filled) 

SAND 

____ 9/16 In. Stainle66 Steel Rod . 
...---- 4 Ft. Section6, driven to 

refu6al 

Figure 15-10. NGS three-dimensional monument. 
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manent CPS control station must be stable in 
three dimensions. Epoxying or grouting a 
monument in bedrock or a rock outcrop is a 
desirable and stable installation. The differ­
ence in actual cost between a temporary-type 
monument and one of more long-lasting de­
sign is negligible. Consider the future possible 
use of the station and remember that CPS is a 
precise three-dimensional measurement tech­
nology that must have vertical as well as hori­
zontal stability. 

Contrary view is that with the ease and 
accuracy of establishing high-precision points 
with CPS, it is not cost-effective to spend the 
time and resources in establishing superper­
manent marks. 

14-4-4. Recovery Notes 

Recovery descriptions remain an invaluable 
resource to the CPS campaign. They had their 
beginning in the earliest days of triangulation 
and, as is the case with any good idea, they will 
be with us into the future. As long as there is a 
need to search for and recover control sta­
tions, there will be a need for some form of 
document describing access to the monument, 
its location and description. The recovery note 
(Figure 15-11) is an essential tool to the mis­
sion planner and receiver operator who must 
get to the station on time for the scheduled 
sessions to be a success. The recovery descrip­
tion is a narrative describing the station and 
gives particulars about its site. It contains spe­
cific instructions guiding the operator to the 
station, usually from a common starting point 
with other such stations on the project. It 
should contain specifics such as street names, 
landmarks, and cardinal directions and dis­
tances associated with the instructions for left, 
right, or straight-ahead movements. Addition­
ally, it ought to include hazard warnings such 
as aggressive dogs, livestock, gate combina­
tions, instructions for the closing gates, dust 
on crops, possible driving hazards, or anything 
that will allow the receiver operator to reach 
the station site in the least amount of time 
with as little risk as possible, while observing 

safety and any special requests by the property 
owner. If property owers or caretakers were 
contacted en route, these references with 
phone numbers, addresses, or other appropri­
ate comments should be noted. 

If the survey work is to be conducted dur­
ing darkness, the recovery description should 
reflect instructions that give consideration to 
the special difficulties of nighttime operations. 
There ought to be references to land falls, 
other factors while en route that will confirm 
the observer is on the right track. An aid for 
nighttime operations is adding accessories such 
as highway reflectors, reflective tape, reflective 
paint, etc. on fence posts, trees, gates, etc. to 
guide the operator to the station; these again 
should be noted in the recovery description. If 
nighttime operators are necessary, driving 
times should be buffered if the reconnaissance 
and to-reach preparation were done during 
the daytime. The CPS receiver operator prob­
ably will be unfamiliar with the site and sta­
tion. The accuracy and completeness of the 
to-reach will determine the success of the CPS 
receiver operator in locating the assigned site 
and station. 

15-4-5. Station Notes 
The station noteform, as in Figure 15-12, 

used to document all recoveries; to-reaches; 
contacts with the public; names, addresses, 
and phone numbers; and all contacts resulting 
from recovery efforts. This information (along 
with the to-reach description) is essential and 
is entered into the database for later use dur­
ing mission planning for CPS. This field note­
form can also be used for all station recoveries 
and descriptions. The station notes and recov­
ery descriptions are used by the mission plan­
ner in his or her tour of the project for 
purposes of familiarization with the primary 
control and new CPS stations. The receiver 
operator also uses these same documents to 
find the station under severe time constraints 
during the CPS measurement phase. It is im­
portant that the to-reach be clearly written 
and the station recovery notes be sufficiently 
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detailed to represent the site of the monu­
ment so as to be recognizable to a person 
unfamiliar with the location. At this time, sta­
tion notes have a benefit. As a practical con­
sideration, station notes often are combined 
with the recovery description on the same 
sheet or page to provide a concise document 
for recovery uses. 

During recovery, the station site should be 
marked in a distinctive manner in order to be 
instantly recognizable by the receiver opera­
tor. Plastic flagging if eaten by livestock can be 
hazardous; consequently, its use should be 
considered carefully. 

15-4-6. Polar Plot 

The polar plot (see Figure 15-9) shows the 
sky line around the prospective GPS station in 
graphic form. The plot details the height of 
obstructions in degrees above the horizon and 
the azimuth of obstructions between the sta­
tion and sky. It is essential that a plot be 
produced when possible obstructions are un­
avoidable as part of the reconnaissance agenda 
in order that mission planning proceed. 

At new GPS stations being established, it is 
desirable to select sites free of obstructions 
that could interrupt satellite signals. It is not 
always possible to select a GPS site absolutely 
clear of obstructions from the horizon to the 
zenith clear around the compass. It follows 
also that few existing monuments for GPS po­
sitioning are completely free from possible 
obstructions to the satellites. If the sites are 
clear, there is not need whatsoever for a polar 
plot. 

If the reconnaissance person knows when 
the GPS observations are planned to be made, 
the predicted locations of the satellites can be 
noted on the polar plot in the field and a site 
selected that allows those sectors of the sky to 
be clear even though the balance of the sky is 
occluded. The use of a conventional transit 
equipped with a plate compass is the preferred 
instrument to make the necessary measure­
ments. Other options are acceptable, such as a 
Brunton compass, or perhaps an older-style 
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vane compass on a Jacob staff or a reconnais­
sance compass used in conjunction with an 
Abney hand level. Do not forget to allow for 
declination because the compass measure­
ments must be a "true" bearing. The mea­
surements need not be any more precise than 
+ or - 1°. Remember that even obstructions 
such as leaves on a tree can cause a loss of 
lock, so be sure to outline the entire outside 
edge of the tree when taking measurements 
for the polar plot. The plot need not go below 
10° above the horizon. Make certain to mea­
sure the azimuth to both sides of power poles 
and signs as well as the tops. The instrument 
should be set as high as possible above 5 ft to 
more closely represent the height of the re­
ceiver antenna during the data collection 
phase of the campaign. The use of a contrast­
ing color is recommended for plotting the 
obstructions. Typical polar plot field notes 
should contain provisions for the following 
information: 

1. Station name 
2. CPS ID number (this is an ID number as-

signed for the individual campaign) 
3. Observer 
4. HI of instrument 
5. Declination set into the instrument 

In the event polar data will be later entered 
into a mission planning software program, a 
time-saving alternative to the preparation of 
the polar plot diagram is a set of field notes 
detailing the same written information as 
would be represented on the diagram. The 
field notes should have provisions for entering 
the following information: 

1. Bearing to object 
2. Vertical angle to the object 
3. Description of the object or portion of the 

object being observed 
4. CPS ID number or name 
5. Name of observer 
6. HI of instrument 
7. Declination set into the instrument 
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This method is quicker for those times when 
the observer is the only person available at the 
site and is a time-saver when it comes to the 
task of data entry later in the office. Unless 
this type of summary is prepared, the data 
entry will involve individually inspecting and 
scaling each point detailed on the polar plot 
for the bearing and vertical angle and subse­
quent computer entry. 

The required precision of all horizontal 
and vertical angle measurements is + or - 1°; 
field notes recording measured values are not 
required. Any feature that may obstruct satel­
lite radio transmissions must be shown. This 
may include such factors as trees, power poles, 
transmission lines or towers, structures, terrain 
(hills), etc. In the case of power poles, be sure 
to include a measurement to the top of the 
pole. Do not go overboard in the number of 
observations to outline a feature: This wastes 
time. For economy, use the minimum number 
to outline an object. 

The information provided by the polar plot 
or field notes can either be used directly by 
the mission planner as in the past, or it can be 
entered into a database that is part of the 
mission planning software provided by the 
manufacturer. Once entered, an image can be 
assembled on the screen that duplicates the 
mask measured in the field, while the satellite 
ephemeris provides a template of the available 
satellites on the julian date and time selected. 
This allows the mission planner to select times 
when satellites will not be obscured by features 
such as trees, power poles, signs, structures, 
etc. 

15-4-7. Photos and Rubbings 
During the reconnaissance phase, it is de­

sirable for documentation purposes to photo­
graph the station site, the monument either 
found or set, and any other feature at the 
location that may help to recover the station 
in the future. Station notes as shown in Figure 
15-l3 are a diagram prepared that documents 
the site and shows a planimetric view of the 
location together with any reference points 

(RPs) set or reference measurements to aid in 
either the resetting of the station should it be 
destroyed or disturbed, or recovery at a future 
date. The photos and station notes form a very 
powerful team for the preservation and per­
petuation ofmonumentation. However, as time 
goes on, the future value of such precautions 
will become questionable as the ease of 
reestablishing positions by GPS evolves into 
the realm of real time. 

The technique of taking rubbings consists 
of laying a page of blank field notes over a 
monument such as a brass cap and rubbing 
the surface of the disk with a soft lead pencil 
or lumber crayon, thus producing an exact 
image of the monument. The use of this tech­
nique can occur at the time of the preparation 
of the station notes, but is primarily useful 
when the station is visited on mission day by 
the receiver operator. This rubbing provides 
proof that the receiver was on the station 
designated for the session and not a reference 
mark. Even the most careful of surveying assis­
tants manage, on occasion, to set up on a 
reference monument instead of the desig­
nated station. Of course, this method is not 
practical, e.g., when the monument is a galva­
nized pipe or rebar without any characteristic 
that serves to make this monument distinc­
tively different from others. It is recom­
mended that rubbings be used at least on the 
primary control stations. 

15-5. GPS FIELD OPERATIONS 

All GPS surveying is dependent on the mea­
surement of the carrier phase and the solution 
of the ambiguities utilizing the basic carrier 
that is a 19-cm sine wave. A phase measure­
ment is a portion of this basic carrier. A frac­
tional phase can be directly determined, but 
the number of complete cycles (integer ambi­
guity) from the satellite is not directly mea­
sured. This is determined over a long observa­
tion period in static measurements, or in pseu­
do kinematics by occupying a station twice dur-
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ing the same session spaced by 1 hr for 30 to 
60 epochs (about 5 to 10 min). In kinematics, 
the ambiguities are solved by initializing on a 
known base line that may have been created 
by an antenna swap. This allows for the instan­
taneous solution of the rover position. 

15-5-1. Statistics 

The term static was adopted because this 
technique requires receivers to remain station­
ary on a monument for a session length ap­
proaching an observing time of about 45 min 
(135 epochs) to 90 min (270 epochs) or more, 
as required depending on the standards and 
specifications for the campaign. The overall 
length of the static occupation is further de­
pendent on the charging geometry of the po­
sition of the satellites with respect to the re­
ceivers. During times of rapidly changing posi­
tional dilution of precision (PDOP), shorter ob­
servation times can yield the same accuracy as 
longer occupation times with low, relatively 
unchanging levels of PDOP. 

At the culimination of a session, the usual 
process is for one receiver to remain in place 
while the remaining receivers all move to a 
new location. The "fixed" receiver provides 
the hinge or pivot point for extending the 
control into the new session. 

Typical uses of the static GPS technique 
might be in the areas of surveys of the highest 
order for such purposes as deformation, crustal 
motion studies, or high-order statewide GPS 
reference control nets, where the precision of 
1 part in 1,000,000 or better is common. The 
static technique might also be employed in 
those cases where the spacing of the stations is 
so geographically distant that multiple sessions 
are not a practical consideration. 

The number of sessions possible in a mis­
sion day is governed by the number of four (or 
more) satellite windows with acceptable PDOP, 
the length of satellite windows with acceptable 
PDOP, and travel time between the stations. 
The productivity of static procedures is also 
dependent on other variables such as weather, 
traffic, and luck. 

The static technique is a common choice 
for the first-time user of GPS. It is the easiest 
in terms of training staff, or mission planning, 
but is the lowest in productivity of all possible 
techniques. For those networks requiring long 
occupation times because of high-precision 
specifications, or stations spaced far apart 
making a second session impossible during the 
same satellite window because of lengthy drive 
times, this is the only choice available. Statics 
can be accomplished with either dual- or sin­
gle-frequency receivers. 

The standards and specifications control 
productivity as well, by impacting the length of 
time necessary for an occupation. The higher 
the order, the more epochs are required. The 
same condition exists for long base lines in 
which extended time on station is a require­
ment. 

The sample GPS field notes shown in Fig­
ure 15-13 are typical for static observations. 
This noteform would not be practical for other 
GPS field techniques in which high productiv­
ity would be impaired by the 2 or 3 min 
necessary to complete this form. However, for 
static measurements the observer is on station 
for at least 45 min so the time liability is not a 
problem in this case. 

15-5-2. Rapid-statiC 
Rapid-static is not a technique in itself. 

Rapid-static is simply an improvement in the 
software algorithms that currently use the ad­
ditional information available with P-code to 
resolve the phase ambiguities faster. Simply 
stated, rapid-static is static observations for a 
shorter span of time. Occupations of 5 to 10 
min take the place of occupations for 45 to 90 
min. Current implementations utilize the P­
code, but it is possible to perform rapid-static 
measurements with codeless dual-frequency 
data. Future software improvements may even 
make it possible to perform short sessions with 
single-frequency receivers. Rapid-static is cer­
tainly more productive than static or simulta­
neous rover pseudokinematic and twice as 
productive as pseudokinematic, because it re-



quires only a single observation and half the 
total observation time. Rapid-static rivals kine­
matics in productivity and does not require 
that lock be maintained. The current imple­
mentations of rapid-static rely on the P-code, 
and one must realize that stated DOD policy is 
to employ antispoofing (AS) when the GPS 
system is fully operational. Antispoofing may 
or may not be turned on at all times. However, 
selective availability (SA) is turned on all the 
time, and it is reasonable to assume that the 
DOD will turn on antispoofing all the time. 
When AS is turned on, the P-code will essen­
tially be useless to civilians. without the infor­
mation to decrypt the signal. Therefore, it is 
reasonable to assume that purchasing dual­
frequency P-code receivers at this time should 
only be done if the GPS project has sufficient 
numbers of stations to amortize the cost dif­
ferential prior to the implementation of AS. 

15-5-3. Pseudokinematics 
Pseudokinematic (PK), also known as false 

kinematic, pseudostatic, broken-static etc., can 
be the equal in accuracy and precision to I-hr 
static GPS. PK is only a field concept and 
actually is a modified static method. There is 
no difference in the processing when com­
pared to statics. The mechanics of PK is closely 
related to static in not only the postprocessing 
of the data, but also the common reliance on 
the changing of satellite geometry over a span 
of time. Static employs an unbroken period of 
observations of an hour or more to solve for 
the integer ambiguities. Pseudokinematics, on 
the other hand, uses short intervals of data 
separated by changes in the geometry of the 
satellites over the span of approximately 1 hr. 
In effect, PK is simply a static session in which 
the middle has been removed. PK does not 
require that lock be maintained between GPS 
setups, is not as productive as K or rapid-static, 
but can be used in locations where kinematics 
cannot. PK does not require dual frequency, 
as does rapid-static. 

One variant of the technique employs a 
receiver on a known station (fixed station) and 
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one or more rover receiver operators visiting a 
series of unknown stations twice. The use of a 
base station guarantees common time mea­
surements whenever the rover is observing on 
a point. One occupation is done initially on 
each station and then each station is revisited 
in the same original order about an hour after 
the first occupation. The technique is based 
on the changing geometry of the satellites 
during an interval of 1 h (or more) that solves 
for integer ambiguities. It is not necessary to 
maintain lock on the satellites when moving 
between stations. However, it is recommended 
that the receiver remain on to avoid unneces­
sary warm-up time. The receiver on the base 
station remains in place during the complete 
session, never being shut down and collecting 
data during the entire period. The rover re­
ceivers occupy different unknown points twice 
for 30 to 60 epochs at 10-sec epoch intervals 
(about 5 to 10 min) at each station, with a 
return revolution through the same stations 
about 1 h later during the same session, col­
lecting data for another 30 to 60 epochs as 
before. During the second tour of stations, 
each site should have a minimum of four 
satellites common with the first revolution at 
that same station. Each individual receiver an­
tenna height must be the same on the second 
tour as it was on the first. This requires the use 
of fixed-height antenna poles! 

The recommended epoch interval of 10 sec 
with 6 observations per minute for 5 min is 
subject to some variation, depending on data 
quality and postprocessing results. In some 
cases, it might be advisable to increase the 
total time on station during each visit by sev­
eral minutes. 

The sample GPS field notes shown in Fig­
ure 15-14 are typical for high-production-type 
observations such as rapid-statics, pseudo kine­
matics, kinematics, and other methods. This 
noteform contains considerably less data than 
that shown in Figure 15-13, which could pose 
a problem during postcampaign analysis in 
attempting to isolate an error. 

Another variation of pseudokinematics 
called simultaneous rover pseudokinematics 
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(SRPK), or no master pseudokinematics, is a 
very productive adaptation of pseudokinemat­
ics. The project referenced by Figure 15-18 
partially utilized this field technique that re­
sulted in the completion of a very large CPS 
control and cadastral survey project in less 
than one-half the time necessary for the usual 
static CPS procedures. SRPK is very effective 
with multiple rovers, three or more, each mak­
ing the scheduled station occupations simulta­
neously. This not only results in the measured 
base lines between the rovers and reference 
station, but creates additional base lines be­
tween each of the rovers simultaneously. SRPK 
requires communication between all field per­
sonnel, either by cellular telephone or two-way 
radio, to coordinate the beginning and end of 
the common epochs. SRPK is a mission plan­
ning and session coordinating nightmare. This 
CPS technique requires that all rovers be on 
station, on time (to the minute), with setup 
times, tear-down times, travel times to multiple 
stations, etc., all with timing carefully orches­
trated in order for the session to be a success. 
When the field work clicks, this technique is 
really worth the effort and complicated plan­
ning required. Production in terms of com­
pleted base lines is higher than with PK, but 
less than with K and rapid-statics. 

In PK and SRPK, the antenna height on 
each rover antenna must be the same on the 
first circuit as it is on the return circuit at each 
point. The rover antennas can be of different 
heights, but they must not change between the 
first and second revolution. The use of 
fixed-height poles instead of tripods is strongly 
recommended. In the event that the rovers 
are shut down (not recommended) between 
moves, an additional 2 min, or more, must be 
allowed for warm-up to reestablish good satel­
lite lock. 

Figure 15-15 demonstrates the productivity 
possible with SRPK, even though in this exam­
ple two of the five receivers remain fixed in 
location throughout the session. During this 
session, the four individual occupations re­
sulted in the measurement of 37 base lines 
including both trivial and nontrivial vectors. 
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Had the session been PK, then only 25 base­
lines would have resulted during the same 
satellite window. 

15-5-4. Kinematics 

Kinematics (K) can approach the same accu­
racy and precision as I-hr static CPS. Kinemat­
ics is based on solving the integer ambiguities 
(one ambiguity for each satellite) up front 
through a rapid initialization on a known base 
line. This base line can be known from a 
previous CPS survey, or it can be determined 
prior to a kinematic operation by an antenna 
swap, or a static observation. Once the integer 
ambiguities have been solved and tracking 
maintained to four or more satellites, the dif­
ferential position of the rover antenna(s) rela­
tive to the fixed receiver antenna can be com­
puted instantaneously. 

The difference between pseudokinematic 
(fake kinematic) and kinematic CPS is the 
method of ambiguity resolution. Pseudokine­
matic is simply static processing of an hour of 
data with the middle portion of data missing. 
The ambiguities are solved during the process­
ing just as if the receivers had been on station 
for the full time period. In kinematic process­
ing, the ambiguities are solved up front by 
fixing a known base line. Once the ambiguities 
have been solved, they are carried forward 
throughout the survey. This is what requires 
the maintaining of lock to four satellites at all 
times. Without four satellites, the equations 
fall apart and the ambiguities cannot be car­
ried forward. When this happens, the system 
must be reinitialized on another known base 
line, typically the last surveyed point. 

The antenna swap in kinematics two re­
ceivers as shown in Figure 15-16. One receiver 
antenna setup is made on the base or refer­
ence station, the other is set up on an arbi­
trary point established at a convenient dis­
tance of approximately 2 to 10 m away (within 
a cable length of the reference station). The 
receivers record a specified number of epochs, 
usually numbering approximately 6 to 10; then 
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Figure 15-15. Session employing simultaneous rover pseudokinematics. 

each antenna is moved to the opposite station 
to record the same number of epochs. This 
concludes an antenna swap. 

Normally, two antenna swaps are per­
formed as a safety measure. Mter the antenna 
swaps are completed, the antennas are re­
turned to the home-leg position to initialize 
the kinematic survey. It is important to note 
that the only purpose of the antenna swap is to 
provide the required known base line. The 
antenna swap is not part of the kinematic 

survey. The kinematic survey is initialized by 
observing 6 epochs on the now known base 
line with the antenna of the stationary receiver 
on the base station. Mter the initialization, the 
roving antenna is removed to a fixed-height 
pole and placed on a vehicle to commence the 
kinematic survey proper. At this time, any 
other roving receivers would initialize on the 
known base line for 6 epochs at the swap point 
prior to being placed on their fixed-height 
poles and going mobile. 



Receiver A Receiver B 

Home Leg 

Receiver A ReceiverB 

Away Leg 
Figure 15-16. Antenna swap. 

Should a loss of lock occur during kinemat­
ics, the rover simply returns to the last good 
station for additional measurements consisting 
of another 6 epochs, then continues as before, 
avoiding the problem that caused the loss of 
lock. It is not necessary to return to the loca­
tion of the antenna swap to reinitialize. At the 
end of the session, each rover must return to 
the initializing point to close out the session. 

An antenna swap may also be done at the 
end of a session as well as the beginning. This 
not necessary, as the check in observation on 
the known base line is quite sufficient to ini­
tialize the survey for reverse processing. If an 
antenna swap is performed at the end of a 
session, it must be done after all rovers have 
checked in on the known base line. If an 
antenna swap is done at the end, it may be 
performed between the base and anyone of 
the rovers. 
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During the entire antenna swap and kine­
matic survey, the receivers must maintain lock 
on four satellites, or more. The receiver oper­
ators must be extremely careful when moving 
the antennas to keep them oriented to the sky, 
and out of the way of obstructions. Both power 
and antenna connections must be maintained 
throughout the session. It)s a good precaution 
to connect two power sources to each receiver 
to ensure an unbroken power supply. Also, the 
antenna height of the base receiver and roving 
receiver must be the same when occupying the 
same point. The best way to perform the swap 
is to set up two tripods and tribrachs, attach­
ing identical tribrach adapters to each of the 
antennas, When swapping, move only the an­
tenna and adapter, thus ensuring that the an­
tenna heights will remain constant at each 
point. In all kinematic CPS operations, it 
highly recommended that fixed-height poles 
be used on which to mount the antennas. 
Fixed-height poles will eliminate one of the 
most common causes of error, incorrect an­
tenna height measurement. 

If kinematic lock is lost, i.e., if any of the 
roving receivers should track fewer than four 
satellites, the kinematic survey can be reinitial­
ized on any point that is well known in rela­
tion to the base station. Well known is defined 
as a point or station having been measured 
directly by CPS methods. Typically, this is the 
last station occupied prior to losing lock. 

During the antenna swapping process, keep 
clear of the top of the antenna or loss of lock 
will occur. The antenna heights at the refer­
ence station and swap station must not change 
during either the swap or entire session. An­
tenna swaps yield very precise azimuths good 
to + or - 2 arc seconds. The receivers must 
maintain lock at all times; consequently, all 
receivers are left on during the entire session 
until after the last antenna swap is completed 
at the end of the session. 

It is assumed that the tracking of four or 
more satellites will be maintained throughout 
the session without a loss of lock. Therefore, it 
is necessary to plan for a five-plus satellite 
window to allow for the occasional cycle slip. 
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When the operator anticipates a situation in 
which a loss of lock might occur, a temporary 
point such as a PK nail or hub and tack is set 
and a reading made at that location. This 
provides a point in the proximity to which the 
receiver operator can return should loss of 
lock occur. 

Kinematic CPS, although a highly produc­
tive technique, is not in common usage be­
cause of the requirement for maintaining lock 
to at least four satellites at all times. For the 
best results, five or more satellites should be a 
requirement in mission planning. Kinematic 
GPS is second in productivity only to rapid­
static. It is most demanding of the mission 
planner and receiver operators, and is very 
sensitive to route selection between stations 
due to the required avoidance of satellite sig­
nal interruptions from hazards to data collec­
tion such as trees and overhead obstructions. 
The avoidance of loss of lock is very difficult 
and virtually impossible in urban, wooded, or 
rough-terrain areas. 

Work is proceeding on instantaneous ambi­
guity resolution that will allow reinitialization 
"on the fly" and provide robust kinematic 
operations in both real time as well as postpro­
cessing. Results have been reported, and when 
the method is successfully implemented, kine­
matics will be a viable tool for not only the 
collection of data, but also real-time stakeout 
tasks 

Refer to Table 15-2 for a comparison of the 
different CPS measurement techniques. 

15-5-5. GPS Survey Party 
Staffing 

CPS data must be processed on a daily 
basis. Neither the size of the project, nor the 
number of receivers really matter; postprocess­
ing and network adjustment must proceed as 
the project progresses in order to spot possible 
areas of poor results or errors. On-site* post-

processing and network adjustment, mISSIOn 
and session planning, should all be a capability 
of the CPS survey party. Consequently, these 
requirements mandate participation in the 
survey by more than just receiver operators. A 
representative party size for four receivers on 
a campaign employing mostly static proce­
dures, e.g., might be shown as in Figure 15-17. 

Figure 15-17 does not necessarily suggest 
that four GPS receivers require eight persons. 
Some responsibilities can be combined to 
maximize cost efficiency without impacting 
productivity. For example, the project direc­
tor, chief of party, and mission planner could 
be the same person. The tasks of the com­
puter operator and those of the mission plan­
ner could be combined and made the respon­
sibility of one person. This will only be success­
ful provided that no complications or prob­
lems with either computations or mission 
planning arise requiring additional attention. 
Given the previous example of Figure 15-17 
with mostly static procedures, this would (or 
could be) a workable solution. Computer op­
eration and mission planning are two areas on 
which the progress of the campaign is crucially 
dependent. 

Mission planning is done in near real time, 
preferably several hours before the actual mis­
sion day is scheduled to begin. With the evolu­
tion of more userfriendly, more automated 
postprocessing software in use at this time, the 
work of the computer operator has been re­
duced compared with several years ago. This is 
offset, however, by greater field productivity 
resulting from the use of rapid-statics, pseu­
dokinematics, and kinematics, all doubling and 
redoubling the work of the mission planner. 

Combining the responsibilities of computer 
operation and mission planning is a sensible 
solution for efficient and economical staffing 
for schedules and conditions where static pro­
cedures predominate, and two sessions per 
mission day are the norm. This combination 

*For the purposes of discussion, "on-site" means in the proximity of the sUIVey location, such as the field office or 

motel. 
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Table 15-2. A table of methods 

Method Observing Time Accuracy Productivity' Required SVs Notes 

Static 45 min to 7 hr cm,mm 9 new points 3 or more, More time higher 
recommend 4 accuracy 
plus 

Rapid-static 5-10 min cm 27 new points 4 or more, the Typically uses P-
more the better code 

Pseudo 2 repeated 5-10 min cm 18 new points 40rmore,4 Complete loss of 
kinematic or obs.; total 10-20 common between lock is ok 
pseudostatic min repeated 

obseIVations 

Kinematic Instantaneous epoch cm, 54 new points Must maintain Most productive 
by epoch solutions; highly subject (IO,800 I-sec lock to at least 4 but most 
1 min ofobs. to satellite epoch per SV' s at all times, demanding, 
typically averaged geometry with trajectory) min. of 5 satellites needs open 
for sUIVey points only four for practical use terrain 

satellites 

Stop & go I-min obs.; Same as 54 new points Same as Same as 
kinematic trajectory epochs kinematic kinematic kinematic 

ignored 

"Rough estimates if we assume a 3-hr window, 4 receivers, open terrain, 5 or more satellites above 15°, 1 base or "swing" station, 
normal static sessions, and accessible points spaced 1-2 km. 

works for as many as possibly five or six re­
ceivers, but no more. Increases in productivity 
that result from using either rapid-static pseu­
dokinematic, or kinematic procedures will 
quickly overload the person who must keep up 
with both computer operation and mission 
planning. The use of five or more receivers 
with mostly nonstatic procedures requires that 
the functions of mission planning and com­
puter operation be separated and the respon­
sibility of two different persons. 

For high-productivity techniques using five 
or more receivers on a large project, combin-

1 project director 
1 chief of party 
1 mission planner 
1 computer operator' 
4 receiver operators** 

'Daily postprocessing and network adjustment. 
"Note that safety, productivity, time constraints, or other 
factors might require more than one operator per re­
ceiver. 
Figure 15-17. Proposed CPS party configuration for a 
medium-size network. 

ing static procedures with kinematic and pseu­
dokinematic procedures, a different staffing 
strategy is more appropriate and necessary as 
the example in Figure 15-18 indicates. The 
best efficiency is realized here if the responsi­
bilities of the project director and mission 
planner are combined. The computer opera­
tion is vested in one individual. The role of 
chief of party would fall on the most experi­
enced of the receiver operators. This position 
would be a dual role. Although justified by 
special circumstances such as the level of ex­
perience of the operators, safety considera­
tions, or unique problems in the field, it is 
necessary for the chief of party to be free to go 
wherever assistance is necessary. This requires 
another receiver operator. The survey from 
which Figure 15-18 was taken was of this na­
ture. The party configuration and other de­
tails were as given there. 

15-5-6. Vehicle Considerations 

The selection of vehicles is less specialized 
and design-specific than in conventional ter-
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restrial surveys. GPS does not require the 
transport of an inordinate amount of equip­
ment inventory and, in most cases, would not 
exceed the capacity of the trunk of an auto­
mobile. In fact, many GPS surveys are success­
fully conducted with the receiver operators 
working out of ordinary rental sedans. Natu­
rally, in these circumstances, the survey should 
not require off-road driving, or rapid GPS 
production techniques, unless special modifi­
cations are made to the vehicles. Use what is 
available and best-suited for the job at hand. 

In the event that either rapid-statics, kine­
matics, or pseudokinematics are being em­
ployed, it is necessary to be as time-efficient as 
possible. It is not productive for the receiver 
operator to be required, due to space or trans­
port limitations imposed by the type of vehi­
cle, to assembly the array of equipment arrival 
at the site, then to disassemble the same 
equipment when the collection of data is com­
plete. It is better to have a vehicle that allows 
for the transport of equipment as preassem­
bled as possible to save time in setting up and 

Geographical area: 

Terrain: 

Ground cover: 

Purpose of survey: 

Minimum precision: 

Special considerations: 

Number of stations: 
Average station spacing: 
Measurement techniques: 

Campaign duration: 
Number of receivers: 
Number of vehicles: 

GPS Party Configuration 
1 project director: 

1 computer operator: 
1 chief of party: 

TOTAL STAFFING: 

Project Details 

200 square miles, combination of city, 
suburban, rural, and remote 

Rolling hills, river valley, river obstruction 
with limited locations for crossing 

Mature trees with large canopies over roads 
and access locations such as oaks, sycamore, conifer, 
agricultural tree crops such as almond, pistachio, citrus, etc. 

NAD 83 positioning of cadastral monuments, property 
corners, various BMs, and historical monuments 

+ or - 1 cm or 1 part in 50,000, 
whichever is greater 

The majority of cadastral monuments are 
located within public rights of way, often in the pavement of 
busy roads and highways, requiring traffic control, signing, 
and traffic cone protection of the receiver operators 

Approximately 200 
Approx. 0.75 m 
Static GPS 35% 
Simultaneous, rover pseudo kinematic GPS 59% 
Conventional survey 5% 
Kinematics 1 % due to tree canopies, 

obstructions, etc. 
2wk 
5 single-frequency, 12-channel 
8 total (7 ea. 4 X 4's, all 2-way FM radio­

equipped and 1 sedan) 

Project supervision, mission planning, 
mission briefings and debriefings, public contact, public 
relations 

assistant project director 
Receiver 1 : 2 persons' 
Receiver 2: 2 persons' 
Receiver 3: 2 persons' 
Receiver 4: 2 persons' (occasionally 1 person) 
Receiver 5 : 1 person 

12 persons 

*Two persons required due to safety considerations in high traffic areas. 
Figure 15-18. Details of a large GPS campaign. 



tearing down. The choice of two- or four-wheel 
capability is terrain- and weather-dependent. 

The selection of most 4 X 4 types such as 
van, station wagon, utility body pickups, and 
other enclosed utility-type vehicles, all winch­
equipped if possible, is the most common and 
universally successful for any type of GPS sur­
vey and practically any location where vehicle 
access to the station site is possible. These 
vehicles will be successful wherever the project 
is located. Some locations still require access 
by packing-in or airlift. 

It is axiomatic that the vehicle must get the 
receiver operator to the station. Various func­
tions of the vehicle, such as the electrical 
system, e.g., will be taxed, especially in cases 
where rapid CPS production techniques are 
employed. Proper tires for the terrain, a spare 
tire for the same application, accessories such 
as windshield wipers, a heater, and even air 
conditioning must all be in proper working 
order. In short, using an unreliable, poorly 
equipped vehicle will be counterproductive 
when the receiver operator must be on site, on 
station, and ready to begin data collection at a 
specific time. 

The convenient and secure storage of GPS 
equipment is a prime requirement of the vehi­
cle. There are two types of storage required. 
The first is for general transportation to and 
from the job site or from the main office to 
the field office. This type does not generally 
take productivity into account and the equip­
ment is usually safely stored in shipping con­
tainers or cases. The second type is storage 
designed for the rapid deployment of the re­
ceiver gear from the vehicle to the station on 
site. This requires a different consideration. 
Time is crucial; often, the session planning 
and coordination allow only minutes for the 
receiver operator to unpack, set up the equip­
ment, log on, and begin collecting data. This 
kind of scheduling mandates that maximum 
preassembly be utilized to save valuable time. 
There are commercial accessories available 
that allow the mounting of a GPS bipod or 
tripod on a universal roof assembly that can be 
transferred between different vehicle types. 
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Other custom variants might allow for the 
mounting of a GPS bipod or tripod rod on the 
front bumper of a vehicle. This type is a pref­
erence by many because the assembly can be 
viewed from the driver's seat while the vehicle 
is en route to the station. There are magnetic 
roof mounts available that permit the antenna 
to be transported on the roof between stations 
to help avoid the loss of lock during kinematic 
measurements. Keep these magnetic mounts 
away from the computer disks. 

In the example shown in Figure 15-19, a 
2.5-in. pipe flange has been bolted to the 
winch bumper. A galvanized pipe is screwed 
into the flange. The pipe is used as the GPS 
bipod (tripod) holder, and the GPS rod is 
inserted within for transport. The pipe is 
sleeved to provide padding for the protection 
of the GPS rod from vibration and abrasion 
during travel from station to station. Note that 
the antenna is attached to the GPS rod for 
transport, and the antenna cable to the re­
ceiver for quick deployment. The receiver, 
battery, and coiled antenna cable are housed 

Figure 15-19. Vehicle modification for high productivity. 



364 Global Positioning System Surveying (GPS) 

within a foam-padded amo can bolted to the 
winch bumper. This assembly proved to be 
very safe and time-efficient. During the survey 
pictured in Figure 15-19, four of the five re­
ceiver vehicles were staffed by two field per­
sonnel due to the large geographical area 
being surveyed during this campaign. It proved 
to be more efficient, cost-effective, safer, and 
more productive to assign an extra person to 
assist in directing the driver to the station site 
while reading the to-reach, since it was not 
always possible for each receiver operator to 
memorize the route and on-site details of ap­
proximately 200 such stations. Time con­
straints and production schedules did not leave 
time for the receiver operator to visit the 
station prior to the days' mission. Once at the 
station, the extra person assisted in setting up 
and completing the GPS data log form. The 
typical elapsed time from arrival to log-on and 
beginning data collection was 2 min. 

15-6. MISSION PLANNING 

The term mission as used in GPS generally 
signifies a GPS work day. A mission is broken 
into several smaller parts called sessions. From 
CPS beginnings in the late 1970s, mission 
planning for GPS surveys has consisted of the 
same general and primary steps. The technol­
ogy of field data collection has evolved from 
static procedures through several innovative 
techniques to improve efficiency such as kine­
matic, pseudokinematic procedures, to the lat­
est, rapid-static. From the smallest to the very 
largest GPS survey, proper mission planning 
has not changed significantly, but has become 
more compacted due to more efficient GPS 
field techniques. The importance of proper 
planning cannot be overstressed, and it will 
help to guarantee the success of the project. 

Geometry concerns have rotated to the 
zenith. Satellite geometry is more important 
than ground geometry in a well-configured 
network. Without good satellite geometry, the 
most ideally configured network would fail. 

Measurements on the ground are indirect 
measurements made by differencing measure­
ments to the satellites. Compared to doing a 
terrestrial resection, the measurements to the 
satellites are subject to the same geometrical 
constraints. 

The satellites available for the session must 
not be bunched together in the sky, but be 
spread, ideally in four quadrants. This is not 
always possible, but using mission planning 
software available from several sources enables 
the mission planner to monitor an expression 
called the positional dilution of precision 
(POOP). Generally, POOP values of six or less 
are sufficient for GPS relative positioning 
techniques. Do not overlook the use of peri­
ods identified by the mission planning soft­
ware in which the POOP indicates a spike. 
This could indicate the rapidly changing ge­
ometry that can result in shorter occupation 
times, yielding the same accuracy as would 
result with longer occupation times. 

The mission planner must have an intimate 
knowledge of the terrain. This requires a visit 
to each site and assurance that the recovery 
notes are still sufficiently accurate for the re­
ceiver operator to get to the station site and 
recover the station. 

The mission planner must know the driving 
time required to access the station from any 
location in the project area. In the event pack­
ing-in is required, then the time necessary to 
reach the end of truck travel must be known, 
as well as the walking time necessary to reach 
the station. Most of the foregoing is informa­
tion that should be available from recovery 
notes and to-reaches resulting from a thor­
ough reconnaissance. Packing-in requires an 
awareness of the physical abilities of the re­
ceiver operator and the knowledge of possible 
dangers en route to the station before person­
nel assignments are made for the session. The 
personal strengths and weaknesses of each staff 
member must be given consideration when 
making session assignments. 

Figure 15-20 shows a key route index map 
that was taken from an actual campaign; it 
details specified main access routes for the 



receiver operators and associated driving times 
between road intersections defining the geo­
graphical limits of the CPS network. The in­
formation was extracted from recovery notes 
prepared for the campaign, as well as other 
sources to aid in realistic mission and session 
planning for multiple sessions on the same 
mission day. 

The selection of CPS field technique for 
the campaign can only be done after the re­
connaissance is completed. If a station-to-sta­
tion spacing represents, say,S min of travel or 
less, then rapid-statics, SRPK, PK, or K would 
be a strong consideration for high productiv­
ity. 

The selection of CPS field 'methodology 
involves an intimate knowledge of the geogra­
phy and transportation routes of the campaign 
area, as well as the capabilities of the various 
CPS field techniques, so that technique can be 
matched with area. The mission planner must 
have personal and first-hand information of 
the stations to be visited by the CPS crew, in 
addition to various access routes to the sta­
tions. Such an awareness does not result from 
the recovery notes alone, but from a station­
by-station tour of the project for the purposes 
of familiarization, and formulation of the most 
favorable CPS technique for these specific lo­
cations. 

Mter the agenda for a mission day has been 
designed by the mission planner, especially in 
those cases where high-productivity methods 
are to be employed, it is advisable to have the 
monuments in the schedule freshened before 
the session begins. This requires an available 
member of the party to proceed from station 
to station ahead of the CPS crew, uncovering 
the markers should they be buried, or open­
ing well covers and bailing out water if neces­
sary. Additionally, where monuments are lo­
cated in a roadway, the setting of necessary 
traffic signs and cones in preparation for the 
arrival of the CPS observer is a significant 
time-saver. 

As an aid to rapid recovery during the CPS 
measurement phase of the campaign, it would 
be very helpful if, during reconnaissance, the 
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station is well lathed and flagged. If the monu­
ment is located in an asphalt roadway, then a 
unique CPS identity number can be painted 
on the pavement in a large enough size to be 
easily visible to the CPS observer from a vehi­
cle approaching the station. 

Initial advance preplanning should be for 
the sole purpose of estimating general cam­
paign costs and scheduling, while providing 
sufficient padding to allow for contingencies. 
Actual mission planning should occur in near 
real time in order to be realistic enough to 
reflect the realities of present field conditions, 
allowing for flexibility in immediately respond­
ing and adapting to field, satellite, weather, 
personnel, equipment, and access difficulties 
that might exist. A survey will not be successful 
if inflexible mission planning was done 2 mon 
in advance of the project back in the home 
office. 

Figure 15-21 shows an actual plan for an 
SRPK session prepared for the A session (there 
was also a Band C session on the same mission 
day) of Julian day 161 during 1991. The plan 
details a sketch of the geographical area, sta­
tion assignments for each rover, start-up and 
shut-down times, move times, station identi­
ties, and more. This document was prepared 
at the end of the previous mission day (91.160), 
together with two other session plans for 
B91.161 and C91.161 (no figures shown). Prior 
to the beginning of mission day 91.161 the 
CPS field crew was briefed on the details of 
A91.161 (Figure 15-21), and the subsequent B 
and C sessions of the same day. 

Although the example shown was for an 
SRPK session, it is recommended that this type 
of document be drawn regardless of the CPS 
technique selected. Figure 15-15 is a detailed 
breakdown of the four moves (setups) con­
tained within session A91.161; it demonstrates 
the high-productivity potential of SRPK. 

15-6-1. Premission Briefing 
The premission briefing is an essential 

meeting between the mission planner and all 
CPS crew members and should occur immedi-
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ately before the crew takes to the field. The 
briefing covers individual equipment assign­
ments, vehicles, station assignments in each 
session, access to stations, observation sched­
ules, receiver start-up and shut-down times, 
route changes that may differ from the to­
reach, and any changes in conditions since 
reconnaissance that may impact access to sta­
tion sites. If there is new information to be 
added to the recovery notes, this is the time to 
do it. Other factors to discuss include any new 
information such as new locks and keys, or 
combinations, bad dogs, new restrictions, or 
conditions imposed by property owners, and 
other practical information. This is the oppor­
tunity to comprehensively discuss the start-up 
and shut-down times as well as anything cru­
cial to the success of the mission. Whatever 
has gone wrong during the last session should 
be discussed and critiqued by the receiver 
operators so that each can learn from the 
mistakes of others. Perhaps a better time for 
such input occurs at the time of the postses­
sion debriefing. Feedback to the mission plan­
ner is crucial. For example, if insufficient time 
is being factored in for the moves in pseu­
dokinematics, statics, or rapid-statics, or, on 
the other hand, the allotment of time is too 
generous, this would be the time to bring this 
matter to the attention of the mission planner 
so that a<ljustments can be made to the sched­
uled start-up and shut-down times to provide 
greater productivity. 

Session plan distribution should be made to 
all receiver operators at the time of the pre­
mission briefing to ensure the success of the 
session. Additionally, it is further recom­
mended that each operator be given a folder 
for each station assignment that contains a 
copy of the following: 

1. The to-reach 
2. Station notes 
3. Local map 
4. Assessor's parcel map 
5. Photo of station 
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15-7. SPECIAL EQUIPMENT 

The importance of two-way radio communica­
tion can never be overstressed or overempha­
sized. At the very least, the receiver operators 
should be equipped with CB radios for inter­
site communication. Ideally, the receiver vehi­
cles should have two-way FM radios and 
walkies, and at least one of the vehicles in the 
field should have a cellular telephone if at all 
possible. The resulting close communication 
enables the coordination of start-up and shut­
down times during the sessions and allows for 
variables in arrival times or setup times at the 
station sites due to wrong turns, delays, equip­
ment malfunction, or similar misfortunes. It 
also allows the flexibility to extend data-collec­
tion times if necessary, or for earlier start-up 
time than scheduled by the mission planner, 
provided that proper satellite geometry is pre­
sent. In the event of an emergency or any 
situation where assistance is necessary, com­
munication is the key to response and should 
never be ignored. 

15-7 -1. Tripods and Tribrachs 
Except for CPS hardware such as antenna, 

cables, receiver, etc., the normal equipment 
and accessories usually found in the inventory 
of most surveying offices are sufficient. CPS 
antenna assemblies are designed to fit on 
practically every type of tribrach. A tribrach 
and tripod are all that is required. Naturally, 
the calibration of the tribrach must be vali­
dated and the tripod in good repair. But why 
use a tripod and tribrach? The tribrach is 
expensive, subject to chronic centering (col­
limation) errors, is fragile, is not weatherproof, 
and with its sophisticated optics and precision 
machining, perhaps too refined and complex 
for the job at hand and maybe not essential, or 
even practical, for production-oriented CPS. 

15-7-2. GPS Bipod-Tripod 

6. Blank notes for the GPS observation, either As an alternative to the conventional tripod 
long- or short-form. and tribrach, many governmental agencies, es-
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pecially federal and state, and private industry 
as well are switching to GPS bipod-type stake­
out rods in preference to the conventional 
tripod and tribrach. For the price of a better­
quality conventional tripod, a GPS stakeout 
rod can be purchased that is easier to set up, 
more suitable for GPS measurements, less sub­
ject to damage than the conventional tribrach, 
and about one-third the cost of a tripod and 
tribrach. Additionally, at least 2 to 3 min are 
cut from the setup time when a GPS bipod- or 
tripod-type stakeout rod is used. In conven­
tional work, this may not seem like much, but 
when the session plan calls for a GPS receiver 
operator to break down the setup, pack up, 
and travel to a new station, where the equip­
ment is again set up and the receiver logged 
on before data collection begins again, all in a 
time frame of 10 min, the shaving off of 2, 3, 
or 4 min from total operational time becomes 
significant. Time is of the essence; time saved 
in any GPS operation will yield greater pro­
ductivity no matter what GPS field operation 
technique is utilized. Time is saved in setting 
up the antenna and time is saved during HI 
measurements, since it is only measured once, 
and in recording the data. The GPS rod as­
sembly shown in Figure 15-22 is lighter in 
weight, more suitable for packing into a sta­
tion, and occupies considerably less space, 
which is beneficial in those situations where 
storage capacity in a vehicle or aircraft is at a 
premium. Higher-precision-Ievel bubbles are 
available that can yield centering of the I-mm 
level. These assemblies make the GPS crew 
more mobile and flexible to individual site 
requirements and cut down on a bulky and 
unnecessary inventory. With the addition of 
screw-in rod extensions, the height of the an­
tenna can be elevated several times beyond 
that of a tripod and tribrach, thus solving the 
problems associated with difficult setup loca­
tions where obstructions would have made ob­
servations impossible. 

The GPS bipod or tripod is similar to the 
conventional stakeout rod, but with larger di­
ameter for greater stability and strength. The 
length of the rod is adjustable by the selection 
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Figure 15-22. CPS rod. 

of appropriate lengths of screw-in sections that 
are available in various lengths, generally of 1, 
2, or 3 feet. Once assembled, the rod is left in 
whatever length configuration is selected for 
the mission. The use of an adjustable-length 
(telescoping) rod is not a recommended alter­
native due to problems inherent with HI mea­
surements. The goal is to reduce unnecessary 
field operations and eliminate the incidence 
of HI errors. A telescoping rod is subject to a 
change in the antenna height if the friction 
collar slips. Should this occur and go unde­
tected, any GPS measurements made will be 
invalid. Leave it in the equipment room to 
keep company with the tripods and tribrachs. 
The use of uniform length should be a rule 
during the campaign. This does not mean that 
all the rods need to be exactly the same; they 
do not. However, to avoid errors in the HI 
measurement, this consistency should be 
maintained. The mismeasurement of HI is one 
of the more common mistakes made with GPS 
observations. If each GPS rod is premeasured 
for HI, this is one less task that the receiver 
operator must accomplish in his or her busy 
schedule and one less possible source of error. 
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All that needs to be recorded in the GPS field 
notes is the rod identification number. Since 
the rod is premeasured, the HI is already 
known to the mission planner and computer 
operator. 

The choice between the two- or three-leg 
GPS stakeout rod is a matter of preference. 
However, there are advantages and disadvan­
tages with either selection. 

The bipod is more efficient to set up. How 
much more time-efficient is a matter of prac­
tice and technique but should not amount to 
more than 10 sec. The bipod is naturally 
somewhat lighter in weight than the tripod 
since it has less hardware and does not have 
that extra leg which sometimes gets in the way. 
The bipod will stand by itself, provided there 
are no gusts of wind or other conditions that 
could upset the balance. Consequently, the 
bipod must be attended throughout the occu­
pation to prevent it from falling over. 

The tripod version of the GPS rod is more 
stable in traffic, windy or gusty conditions and 
is recommended for most applications requir­
ing unattended operations. Naturally, ade­
quate carrying cases are advised to protect the 
GPS rod for shipment. 

15-7 -3. Multiple GPS Rod 
Bubbles 

Centering (or plumbing) over the mark is 
accomplished by using the level bubble at­
tached to the rod. GPS rods can be purchased 
with more than one bull's-eye level. It is rec­
ommended that an array of three such levels 
with a sensitivity of 10 min be installed on 
each rod. These rod bubbles shown in Figure 
15-23 are arrayed at 120°, a convenient dis­
tance above the ground so as not to interfere 
with the operation of the bipod or tripod legs 
of the GPS rod. Make certain that they are in 
exact adjustment and firmly attached and 
mounted to the rod as the level bubbles may 
be subjected to unavoidably harsh handling. 
Why three bubbles? If only one bubble is used 
on the GPS rod assembly and it should go out 
of adjustment, the condition would probably 

Figure 15-23. GPS rod with three bubbles. 

go unnoticed by the receiver operator and 
might result in good observations to the an­
tenna, but bad observations relative to the 
mark since the antenna phase center is in a 
different plane. Two bubbles installed on the 
GPS rod and adjusted during plumbing cali­
bration serve as a check on each other. Should 
one of the pair of bubbles go out of adjust­
ment, the operator would not know which of 
the two is suspect, and would need to abort his 
or her session schedule until the problem is 
cured. The use of three bubbles is the practi­
cal limit and provides for a situation in which 
one of the levels has been knocked out of 
adjustment; the remaining two should have 
the same reading when the rod is set over the 



mark, thus reassuring the obselVer that colli­
mation is still good. Thus, three bubbles would 
allow the session to proceed without interrup­
tion. 

15-7 -4. GPS Rod Collimation 
Adjustment: A Shortcut 

Rod collimation can be accomplished using 
several different procedures. One of the sim­
plest methods that does not require elaborate 
equipment can be done in any doorway. Sim­
ply suspend a plumb bob from a small nail 
driven securely into the top underside of a 
doorway. Mark the plumb point on the floor. 
Remove the plumb bob and set up the rod 
with the point of the rod on the plumbed 
point and the top of the rod plumbed under­
neath the nail (the plumb bob might be 
needed here) and secure the legs. Once this is 
accomplished, the rod is now vertical and in 
collimation with both points. Now adjust the 
rod bubbles so that they are centered. Check 
by slowly rotating the rod through 360°, not­
ing any movement of the bubbles and any 
movement of the top of the rod away from its 
plumbed position under the plumb bob hang­
ing from the nail. There should be no move­
ment in either the bubbles or top of the rod. 
If such is not the case, the rod is either bent or 
the rod bubbles are at fault. Replace and/or 
repair and readjust as required. 

15-8. HAZARDS TO SUCCESSFUL 
DATA COLLECTION 

The interruption of satellite signals can be 
caused by a multitude of sources. Rain or 
condensation causing moisture on the electri­
cal connections, or the head, hands, hard hat, 
etc., while servicing or maintaining the re­
ceiver and antenna can cause interference or 
blocking of the signal. Basically, anything that 
passes between the antenna and satellite can 
interrupt the signal. Keep away from the an-
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tenna while collecting data. The body can 
block signals from the satellite just as surely as 
tree limbs, power poles, and other inanimate 
objects. Avoid placing anything between the 
antenna and satellites or the signal will be 
blocked and a loss of lock will occur. Another 
classic is the "experienced" field hand who, 
during kinematics, automatically shoulders the 
GPS rod or tripod when picking up. This, of 
course, is guaranteed to cause a loss of lock 
and trip back to the last known position for 
reinitialization. 

15-8-1. Multipath 

Multipath is a condition in which a satellite 
signal arrives at the receiver antenna by way of 
several different paths. It is caused by re­
flected, indirect, signals from a satellite and 
can originate from a multitude of sources. 
Figure 15-9 is a good example. Bodies of wa­
ter, structures, nearby vehicles (especially 
slab-sided semitrailers, or vehicles or similar 
design), freeway signs, chain-link fences, or 
similar reflective objects can cause a condition 
of multipath. 

Sometimes, the use of a larger-accessory 
ground plain can reduce or eliminate this 
condition. Some antennas do not even have 
an integral ground plane. These antenna types 
should be avoided except for special applica­
tions. Avoid the problem whenever possible by 
locating the station away from possible inter­
ference. If the station is part of the primary 
net, then an eccentric might be considered, or 
possibly a higher setup to clear the possible 
reflection. Multipath is not detectable until 
post-data-reduction is done, so be observant. 
Proper reconnaissance will identify stations 
where this problem exists and precautions can 
be taken to minimize or eliminate the prob­
lem. During data collection, the survey vehicle 
must be parked far enough away from, or 
below, the antenna to eliminate the possibility 
of multipath from that source. Good site selec­
tion during reconnaissance will either mini­
mize or eliminate problems due to multipath. 
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15-8-2. Electronic Interference 

Consult with the manufacturer regarding 
possible sources of electronic interference that 
could corrupt the signals of the satellites. The 
following electromagnetic energy sources will 
not necessarily affect all receivers. Some re­
ceivers are adequately shielded; however, it 
would be best to err on the side of caution if 
there is any doubt. In the design of any elec­
tronic circuit, one important factor is to sepa­
rate the input signal from unwanted signals 
and amplify it in the required way without 
producing distortion beyond an acceptable 
degree. Effective passive filters are installed in 
the CPS receivers to filter out unwanted sig­
nals; however, if the unwanted signals are 
powerful enough, the filters are ineffective. 
Powerful signals cause the amplification to be 
adversely affected in the form of distortion 
and this can affect the CPS receiver perfor­
mance. Some of the sources that may cause 
interference with GPS units are: 

1. Vehicle detectors for actuating traffic lights 
2. Portable transceivers for radio communica­

tion 
3. Signals emitted from antennas generated by 

radio and television stations 
4. Amateur ham band and citizen band 

transceivers 
5. Microwave antennas and transmitters for 

equipment such as telephones 
6. Radar installations 

15-8-3. Traffic Sensor Devices 

Vehicle detectors come in two varieties: be­
low-ground (loop detector) and above-ground 
(pole-mounted). The ground plane antenna 
on CPS units would shield the signal from the 
below-ground, or loop, detectors, that have a 
range of approximately 10 ft straight up. 
Therefore, they would present little risk of 
interference to the CPS receivers. The pole 
mounts have two operating frequencies: mi­
crowave (10.525 CHz) and ultrasonic. The mi­
crowave vehicle detectors have a greater possi­
bility of affecting CPS receivers because of the 

closeness of operating frequencies; also they 
are located above the CPS receiver antenna. 
On the other hand, the CPS receiver antenna 
would have to be relatively close to a vehicle 
detector because the low power (2.5 to 6.0 W) 
of the vehicle detector and limited range (60 ft 
more or less). Ultrasonic vehicle detectors have 
little or no effect on CPS receivers because of 
the difference in operating signal frequencies 
between the two units. 

15-8-4. Two-Way Radios 
Portable transceivers such as handheld and 

mobile radios should be operated as little as 
possible and as far from the CPS unit as is 
convenient. Transmission is not recom­
mended during data collection except with 
the manufacturer's OK. The concentrated sig­
nal in the vicinity of a portable transceiver can 
resemble a much stronger signal and possibly 
corrupt the satellite signal. Cellular phone 
transmissions, when done in the close proxim­
ity of the receiver, could interfere with satellite 
transmission reception as well. 

15-8-5. Radio, Television, 
Microwave Antennas 

Radio, television, radar, and microwave an­
tennas radiate a powerful signal and generally 
the antennas occupy high points such as the 
tops of mountains and buildings. These signals 
can also present a problem for CPS units. The 
signal from these antennas is so strong that it 
can affect a CPS signal a considerable distance 
away. Satellite dishes such as those for home 
use are for receiving only and present no 
problem unless the satellite dish is in the CPS 
signal path to the receiver antenna. The satel­
lite dishes for commercial television stations 
both transmit and receive; however, they are 
very directional and so also should present no 
problem. The configuration is not necessarily 
an indication of the function of the antenna 
since antennas can be used for both transmit­
ting and receiving. 

Airports typically have more than a fair 
share of potential electronic interference. 



Large airports always have a greater abun­
dance of exotic electronic devices than any 
other location, most of which are capable of 
interference. 

Other possible sources of problems such as 
high kv power transmission lines can cause 
problems during certain atmospheric condi­
tions. Any time that buzzing or arcing can be 
heard, satellite signals could be subject to pos­
sible interference. Thunderstorms, even 
though miles away, are reported to be disrup­
tive. 

15-8-6. Geomagnetic 
Disturbances 

Geomagnetic disturbances are caused by so­
lar flares, solar storms, and other similar natu­
ral solar phenomena. These solar disturbances 
release large amounts of energy in the iono­
sphere, an electrically conductive series of lay­
ers of the earth's upper atmosphere extending 
from 50 to 400 km above the surface. 

Flares and the resulting geomagnetic storms 
that sometimes accompany them can disrupt 
low-frequency systems such as Loran C and 
GPS. Communication systems like television, 
radio, microwave, and short-wave ones are also 
impacted, sometimes to the point of total dis­
ruption. The current solar cycle is believed to 
be one of the highest ever and should con­
tinue into the mid-1990s. 

Geomagnetic storms are sometimes accom­
panied by the appearance of the Aurora Bore­
alis or northern lights, even in the lower mid­
latitudes. In a time of major geomagnetic 
storms, such as the flares of March 1989, an 
aurora was visible in the Gulf states. The Au­
rora Borealis during this event was seen as far 
south in California as 35° north latitude. 

The use of dual-frequency GPS receivers 
will minimize the effects of geomagnetic dis­
turbance. The majority of receivers in use at 
this time are of the single-frequency variety 
that are susceptible to cycle slips caused by the 
electromagnetic noise associated with these 
disturbances. 
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The appearance of the aurora should be a 
visual warning to the project manager and 
mission planner to carefully view the post­
data-reduction for signs of noisy data and pos­
sible cycle slips. Mission planning should in­
clude the monitoring of all geomagnetic and 
solar advisories that are available on the joint 
USAF /NOAA solar region summary bulletin 
board service. This bulletin provides values for 
the A-index and K-index and predicted values 
for A and K that can be used as an indication 
of solar activity levels. Generally, A-index val­
ues greater than 20 and K-index values greater 
than 5 are indicators of high geomagnetic 
disturbances, possibly contributing detrimen­
tally to the collected data. 

With single-frequency receivers, a few mea­
sures could be employed to a limited extent in 
an attempt to salvage a few mission days in a 
campaign unfortunate enough to be acciden­
tally scheduled within a period of high solar 
activity. If there are short base lines in the 
project of 2 km or less, these short lines would 
be the preferred measurements to attempt. 
Longer base lines are typically out of the ques­
tion and likely to fail. The order of preference 
for measurement techniques during high solar 
activity periods is 

1. Statics 
2. Kinematics 
3. Pseudo kinematics or SRPK 

It is very possible that cycle slips will go 
unnoticed with the pseudokinematic tech­
nique during periods of high solar activity; 
increasing the data-collection time by 50% or 
more might help. It is reported that nighttime 
levels are somewhat lower than daytime levels 
and midday levels lower than early AM or late 
afternoon levels. Watch the resulting residual 
statistics with caution and modifY the mission 
plans to include redundant vectors and inde­
pendent checks on the observed stations. If 
unrepairable cycle ships occur in spite of these 
precautions, either obtain dual-frequency re­
ceivers or cancel the field operations until the 
geomagnetic disturbances subside. 
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15-8-7. Power Source 

Any system that utilizes battery power is 
subject to a multitude of energy-related prob­
lems. Do not believe the sales representative 
when a claim is made that a brand A receiver 
will run all day on an AAA battery. Never 
underestimate the power consumption of the 
receiver system. Always allow for a comforta­
ble, if not generous, safety margin. It does not 
matter how high-tech and exotic surveying 
technology becomes. The simple truth re­
mains: We are slaves to our battery power 
source. The battery and two-bit battery con­
nections remain the two most common causes 
of receiver failures. Always provide the re­
ceiver operators with backup battery reserves 
and extra cables and connectors, and insist 
that all batteries be topped off between mis­
SIOns. 

The selection of battery capacity is depen­
dent on the power requirements of the unique 
receiver, which can vary from manufacturer to 
manufacturer. A good guideline would be to 
select a battery with sufficient reserves for pos­
sibly 150% or more of the required power 
consumption for approximately two missions 
-i.e., two data-collection days or perhaps 10 
hr of actual data collection, whichever is the 
greater. This would allow for the loss of bat­
tery efficiency from low temperatures or possi­
bly a failure of the operator to recharge to a 
full 100% level. Naturally, pack-in situations 
require lightweight as well as ample reserves 
so allowances should be made to mix battery 
types-i.e., weight and capacity according to 
the specific session and station requirement 
-to cover long-term continuous data-collec­
tion sessions as well as situations in which a 
lightweight and free mobility are important. 

15-8-8. Antenna Height 
Measurement 

The importance of this measurement is of­
ten overlooked. GPS is a three-dimensional 
system and requires an HI to compute the 

pOSItIon at the mark. Antenna height mea­
surement is a common source of problems in 
the field. Without reliable antenna height 
measurements, the system will not accurately 
compute final position and elevation at the 
station. The position will be to some nonre­
peatable point in space. The common error is 
either failure to measure the height or erro­
neous measurement of an HI. As a check 
against possibly flawed measurements, a good 
technique is to independently measure in two 
different units of length such as feet and me­
ters. The use of fixed-height antennas is the 
greatest elixir for either bad or missing HI 
measurements. However, be advised in other­
wise identical GPS rods that there can be 
variations in antenna height measurements. It 
is a good idea to individually identify each 
GPS rod with a unique name or number and 
HI. This identity is then incorporated as data 
entry on the GPS field notes and entered into 
the GPS receiver at the site. When conven­
tional tripods and tribrachs are being em­
ployed, extra care must be exercised to ensure 
that the HI being measured is error-free. Once 
again, the best method involves measurement 
in two different systems, such as feet and me­
ters, with an independent conversion of feet to 
meters or from meters to feet done in the field 
by the receiver operator as a check. It should 
be standard operational policy for field per­
sonnel to make this conversion as part of the 
data-collection process. 

The use of a GPS rod, either bipod or 
tripod, practically eliminates this error due to 
missing HIs since the setups are done at a 
uniform height above the mark. The length of 
the rod from the point to the antenna needs 
to be measured and checked only once. 

15-9. TYPICAL PROBLEMS 
ENCOUNTERED 

No matter how detailed, complete, and intu­
itive the planning and preparations are, some­
thing will always occur to disrupt the survey. 



CPS is subject to a host of familiar maladies 
common to conventional terrestrial survey op­
erations and a few that are not. Most problems 
associated with delays and downtime are vehi­
cle- and human-error-related. Table 15-3 is a 
tabulation of various things that went wrong 
during two actual campaigns, each survey con­
sisting of approximately 200 stations. The first 
campaign employed static procedures with two, 
or more, nighttime sessions per mission dur­
ing a 4-wk period in February and March 
1989. The second survey employed a combina­
tion of static, pseudo kinematic, and kinematic 

Table 15-3. Problems Encountered on Two Typical jobs 

Malady 
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procedures with two or more daytime sessions 
per mission during a 2-wk period in June of 
1991. During each survey, premission briefings 
and postmission debriefings were conducted 
by the mission planner, with the chief of party, 
computer operator, and CPS receiver opera­
tors in attendance. 

Items 1 through 9, and perhaps item 19, in 
Table 15-3 are, to the greatest extent, classi­
fied as human blunders and mostly pre­
ventable. Perhaps more emphasis can be 
placed on high-repeat problems at the time of 
the postmission debriefing or next premission 

Number of 
Instances 

1. Receiver operator getting lost en route, wrong turn en route to a GPS station 6 
4 
4 
6 
4 
3 
2 
2 
3 
4 
4 
2 

2. Receiver operator on wrong GPS station 
3. Bad setup (tribrach not leveled, GPS rod not plumb, etc.) 
4. Receiver operator forgets to load an equipment component necessary for session 
5. Operator error: Wrong data keyed, wrong epoch interval, etc. 
6. Bad HI measurement 
7. Cycle slip: Loss of lock due to carelessness 
8. Vehicle stuck 
9. Vehicle out of gas or lack of fuel delays or constrains planning 

10. Vehicle will not start 
II. Vehicle breakdown 
12. Vehicle battery dead 
13. Access to station not possible: Receiver operator locked out, new lock installed, no key, 

key not working, etc. 
14. Traffic delays 
15. Receiver battery problems: Battery failure, bad connections, etc. 
16. GPS equipment failure, either receiver or antenna 
17. Geomagnetic storm (causing unrepairable cycle slips): Dual-frequency receivers would not 

have been affected: 
18. Bad weather: Thunder, lightning, snow, rain, etc. 
19. Ground swing. MuItipath (semitrailer parked near station, survey vehicle parked too close to 

the an tenna, etc.) 

SUMMARY of PROBLEMS by TYPE 
Human error, blunder-related 
Vehicle, traffic, access 
Unavoidable, would possibly occur again 
GPS hardware 
GPS power source, connectors 

TOTAL 
Summary 

GPS hardware-related 
GPS power source, connectors 
Unavoidable, usual delays 
Human error, non-GPS equip.-related 
Vehicle, traffic, access 

3 
4 

II 
2 

6 

2 

34 
17 
9 
2 

11 

73 

02% 
15% 
13% 
47% 
23% 
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briefing. Some problems are due to operator 
fatigue; others are preventable by the applica­
tion of good judgement, and some are going 
to occur no matter what preventative measures 
are taken. 

Items 10 through 14 are vehicular or 
access-related problems: Some are preventable 
and some are not. Vehicle breakdowns are 
going to occur, but can be minimized with 
good maintenance and careful, non abusive 
driving practices. Access problems can be re­
duced by revisiting the station (premission) to 
update the to-reach if time permits. Should 
there be sufficient time before a session be­
gins, a luxury that does not occur very often, 
the receiver operator could tour assigned sta­
tions to become familiar with the routes to 
them. With good planning, traffic delays can 
be factored into most session plans. 

Items 15 and 16 are GPS hardware-related. 
Item 15 is a famililar foe and will continue to 
be as long as a battery is a part of any technol­
ogy. Batteries need to be recharged and con­
nections are necessary to feed the energy to 
the electronics. This is nothing new as battery 
and connector difficulties have always been a 
problem with conventional survey instrumen­
tation and will continue with GPS as well. With 
the implementation of standard procedural 
policy for field personnel, energy-related mal­
functions can be minimized. Carrying spare 
batteries is essential; keeping both the main 
and spare battery fully charged is paramount. 
Policy should be that the receiver operator is 
responsible for topping off these power sources 
immediately after the mission day. If insuffi­
cient time exists between missions to com­
pletely recharge, then additional batteries must 
be issued to permit the cycling and charging 
of the battery inventory. Power interruptions 
due to faulty connectors are intolerable dur­
ing data collection. Good manufacturer design 
should be insisted on; if problems occur, com­
plain loudly. Keep the connections tight and 
tape them if necessary to prevent movement 
and moisture. 

Item 16 is not supposed to happen, but 
does in spite of the best of design and manu-

facturing practices. The best advice is to buy 
reliable, robust equipment from manufactur­
ers or firms with established postsale support 
and good performance history. 

Items 17, 18, and 19 are random. Geomag­
netic storms or ionospheric disturbances in 
the earth's upper atmosphere caused by solar 
disturbances are not predictable with any reli­
ability. These disturbances can cause unre­
pairable cycle slips in single-frequency GPS 
receivers when levels are high. The use of 
dual-frequency receivers virtually eliminates 
this problem. Both the surveys referenced by 
Table 15-3 were impacted by solar distur­
bances that aborted several mission days. Had 
dual-frequency receivers been employed, the 
campaigns could likely have continued with­
out interruption and costly crew downtime. 

GPS is universally represented as an "all­
weather system." This is not always true. GPS 
is subject to most of the same influences as 
conventional instrumentation, except those re­
lating to line of sight. Thunderstorms and 
lightening can cause cycle slips, and the haz­
ards of a strike from being near the tripod or 
GPS rod during such events are a reality. Rain 
can cause shorts, or open circuits in the power 
leads and connectors. Snow collecting on the 
antenna can cause a loss of lock, and wind can 
topple a tripod or GPS rod, possibly irrepara­
bly damaging equipment and causing down­
time for repair or replacement. It would be 
advisable to carry as many spares as the budget 
and conditions warrant. An extra set of cables 
and power leads should be issued to each 
receiver operator. Rain, ice, snow, and mud 
can cause gross differences in the access times 
required to reach stations; this could impact 
mission planning to a substantial degree. 
Weather should always be factored in with all 
mission plans. Should bad weather set in, wait 
it out if economically possible. GPS is the most 
productive and efficient technology ever to 
impact the surveying profession. Lost time can 
be made up. Inclement weather is hard on 
equipment, results in undue hardship for field 
personnel, and because of hazardous driving 
and field conditions places the staff in possible 
danger. 



15-10. NETWORK ADJUSTMENT 

Network adjustments are performed for two 
reasons: (1) To detect and remove blunders, 
and (2) provide a best fit into the local datum. 
Blunder detection adjustments should be per­
formed on the daily results throughout the 
project. Each day the daily results should be 
added to the previous vectors and a daily 
subtotal adjustment performed to verify data 
continuity. At the end of the project, it will 
then be a simple task to fix the control and 
perform a final constrained adjustment, fitting 
the data to the local control. 

There are several excellent least-squares ad­
justment packages on the market for GPS ob­
servations. Most of these packages allow the 
inclusion of conventional data and use the 
information contained in the base-line pro­
cessing solution files for weighting the lines. 
However, one commonly used package does 
not allow the mixing of conventional and GPS 
data and its expects the user to input a priori 
error estimates for weighting instead of using 
the solution information. There are pros and 
cons to either approach, both as to the inclu­
sion of conventional data use of the base-line 
solution statistics. Either approach is correct 
and will produce excellent results if used 
properly. Following is a description of the 
process using least-squares adjustments. The 
method is applicable to either of the least­
squares weighting schemes, the use of the 
base-line statistics or a priori error estimates, 
and based on realistic error estimates regard­
less of the weighting scheme used. 

Most of the work in a network adjustment is 
performed as a free adjustment. A free adjust­
ment is a minimally constrained adjustment 
where the latitude, longitude, and height com­
ponents of a single station are held fixed. A 
free adjustment results in the adjustment of 
the data on itself without constraints as to the 
known positions of other stations or rotation 
angles between the GPS system and local da­
tum. Free adjustments are for blunder detec­
tion and eliminating bad measurements. Once 
the data have been cleaned up, the control 
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station values can be held fixed and the final 
constrained adjustment performed. 

Starting directly with a constrained adjust­
ment results in greater difficulty in isolating 
any problems. If there are any problems in the 
adjustment, it would be extremely difficult to 
determine if the problem is actually in the 
GPS data or control itself. By cleaning up the 
data before fixing the control, it is easy to 
determine that the problem lies with the con­
trol. A properly performed network adjust­
ment consists of daily free adjustments, daily 
subtotal free adjustments, a total free adjust­
ment, and a total constrained adjustment. Each 
step of the adjustments, especially the total 
constrained adjustment, may take several itera­
tions when vectors are deleted or deweighted. 
Daily processing and adjusting cannot be over­
stressed. It is important to find any errors as 
soon as possible so that they can be corrected 
immediately. Reobservation is a dirty word only 
if spoken at the wrong time. 

15-10-1. Statistical Indicators 
Before the steps in an adjustment are de­

tailed, look at the apriori and a posteriori 
indicators that will determine the adjustment 
quality. These indicators are the apriori error 
estimates, either entered by the operator or 
taken from the base-line solution statistics; the 
residuals; the normalized residuals (standardized 
residuals); and the standard error of unit weight 
(variance of unit weight). To be accurate, all 
these indicators depend on realistic estimates 
of apriori error. 

Apriori error estimates are generally cre­
ated from the standard errors of the base-line 
components (sigma X, sigma Y, and sigma Z) 
and the correlation matrix. These are com­
bined into the covariance matrix that is used 
for weighting the vectors. The apriori errors 
can also be empirically derived and specified 
manually as a base error (mm or em) plus an 
allowable additional part-per-million error. 
Either way, it is important that the estimates of 
error be realistic. 

The residuals are the amounts by which the 
adjusted vectors have been shifted in the ad-
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justment. They are the differences between 
the dX, dY, and dZ components of the ob­
served vector and adjusted vector. They are 
generally reported in meter units. 

The normalized residuals are the residual 
divided by the apriori standard error. The 
normalized residual indicates outliers. A nor­
malized residual of 2.0 indicates that the resid­
ual is twice as large as it should be based on 
the apriod errors. If the apriori errors are 
realistic and the standard error of unit weight 
is close to 1, statistical outliers will have a value 
of 3 or more. 

The standard error of unit weight indicates 
the degree with which the data and apriod 
errors agree. The ideal, a standard error of 
unit weight equal to 1.0, indicates that the 
quality of the data exactly fits the model. The 
standard error of unit weight should approach 
1.0 or less. Exceeding 1.0 by more than a very 
small amount indicates problems with the data, 
or overly optimistic error estimates-i.e., the 
apriod errors are too small. On the other 
hand, a very small standard of unit weight 
indicates pessimistic apriori errors, or ex­
tremely good data. If the estimates are pes­
simistic-i.e., if they can be realistically 
reduced-they should be. Pessimistic apriori 
errors can hide problem data. When the apri­
ori errors are too large, the normalized resid­
uals will be smaller than they should be, and 
data that might be an outlier with realistic 
error estimates can be hidden. 

15-10-2. Network Adjustment 
Procedure 

Starting with the first mission-day observa­
tions, a daily free adjustment is performed. 
The daily free adjustment is where the major­
ity of work is done. It is at this stage that 
blunders are detected and removed, and final 
decisions as to the fixed or float solution selec­
tion are made. 

Most processing software packages have a 
filter program that selects the best solution for 
each vector. This filter selects either the J1nat 
double difference solution or fixed double difference 

solution, depending on its particular algorithm 
looking at the base-line processing statistics in 
the solution files. 

A suggested practice is to perform two ad­
justments if any float solutions are selected. 
One of the adjustments will contain the com­
bination of fixed and float solutions selected 
by the filter, and the other all fixed solutions. 
A quick comparison of the standard error of 
unit weight will usually determine whether the 
fixed or float solutions are best. 

Sometimes, it is necessary to go further and 
return one of the fixed solutions back to a 
float solution and perform a tired adjustment. 
Decisions like this are based on the SE of unit 
weight and values of the normalized residuals. 
The results of the daily free adjustment(s) 
should be the vectors in the adjustment with 
the lowest SE of unit weight. These would be 
the best fitting vectors and those to pass along 
as we build the total network. 

Each day, the vectors of the final daily ad­
justment are added to the previously selected 
vectors, and a subtotal adjustment is per­
formed. This is to verity that the day's sessions 
agree with those of other previous days. Al­
though it is not common, a session not agree­
ing with others happens on occasion, due 
probably to bad broadcast ephemeris informa­
tion. To find this out in a timely fashion, 
perform daily subtotal adjustments. Generally, 
the broadcast ephemeris is satisfactory for sur­
veys up to a few parts per million. For surveys 
of 1 part per million or better, the use of 
precise orbits is mandatory. 

The use of daily subtotal adjustments also 
provides an easy way of building the network 
using the best vector solutions available. It is 
virtm.lly assured that the final free adjustment 
will be simFly a matter of adding the final 
daily adjustment vectors to the subtotal and 
performing the final free adjustment. 

When the final free adjustment has been 
completed, blunders have been removed and 
the data has been validated. At this point, the 
first task of the network adjustment has been 
accomplished: the removal of blunders. It is 
now time to constrain our free adjustment by 



the control and perform the final task, fitting 
to the local datum. 

Generally, the free adjustments are per­
formed using the WGS 84 latitude, longitude, 
and ellipsoidal heights derived from the base­
line processing solutions. One of these posi­
tions is simply held in all three components 
for the free adjustments. To constrain the 
network, specify the datum and reference el­
lipsoid to which the free adjustment will be 
molded and fix the control stations by enter­
ing their positions relative to the datum se­
lected. 

For example, if it is desired to perform a 
constrained NAD 83 adjustment, make sure 
the adjustment program will use the GRS 80 
reference ellipsoid parameters, then supply 
NAD 83 latitude and longitude, and ellipsoid 
eights (elevation plus geoidal separation) for 
the fixed positions. If NAD 27 positions are 
desired, make sure the Clark 1866 reference 
ellipsoid is used, and NAD 27 latitude ad lon­
gitude, and orthometric heights (sea-level ele­
vations) for the control stations are entered 
for the fixed stations. 

Once the control has been fixed, perform a 
constrained adjustment. It may be a minimally 
constrained adjustment or fully constrained 
adjustment. A minimally constrained adjust­
ment has only enough control fixed to solve 
uniquely for scale and rotation biases between 
the GPS system and local datum. For example, 
two horizontal stations will provide one and 
only one solution for scale and azimuth rota­
tion. Three vertical stations will provide one 
and only one solution for the gamma X and 
gamma Y rotations-i.e., the vertical tilts in 
the east-west and north-south directions. A fully 
constrained adjustment will provide redun­
dant solutions for these bias parameters,-e.g., 
three or more horizontal control stations and 
four or more vertical control stations. 

If the control values are good and estimates 
of error accurate, a standard error of unit 
weight close to 1.0 should result. If the stan­
dard error of unit weight is larger than 1.0, it 
indicates one of two things: Either the esti­
mates of error are too optimistic, i.e., too 

Global Positioning System Surveying (GPS) 379 

small, or the control does not fit well. Most 
commonly in an NAD 27 adjustment, it will be 
the control causing the problem. Unless there 
is a single station that can be proven to be in 
erl'Or, it will be necessary to mold the data to 
fit the local datum. This may take several 
iterations and involve deweighting of vector 
components and constraining, instead of fix­
ing, some control values. 

Avoid any temptation to leave the adjust­
ment in the free adjustment stage, i.e., radial 
surveys. The data will fit best on itself, but will 
not fit the real world or local control. Any ties 
from the free acljustment to other national 
network stations could easily result in substan­
dard closure statistics because the rotation bi­
ases were not solved and applied. 

15-10-3. Dual Heights 

Elevation, as measured with a level, is the 
height above the geoid, an irregular surface of 
equipotential gravity commonly associated with 
the mean sea level. Ellipsoid height is height 
above the reference ellipsoid, a smooth math­
ematical surface. GPS measures this ellipsoid 
height. The ellipsoid height used in the NAD 
83 adjustments may be broken down into two 
elements: the orthometric height (commonly re­
ferred to as sea-level elevation) and geoid height 
(the height of the geoid above. or below the 
ellipsoid). Normally, the surveyor does not 
know the ellipsoid height of a station, but will 
know the elevation. The geoid height of any 
station can be interpolated from a tabular data 
set that has been created using a model such 
as the GEOID 90 model available from NGS. 
By adding the elevation and geoid height (a 
negative value in the continental United 
States), the ellipsoid height of the vertical con­
trol stations can be computed, and conversely 
the adjusted elevations of unknown stations by 
subtracting the geoid heights from the ad­
justed ellipsoid heights. 

In Figure 15-24, the relationship between 
the geoid and ellipsoid in world terms can be 
seen. The WGS 84 or GRS 80 ellipsoids are 
mathematical surfaces defined to best fit the 
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shape of the earth. The WGS 84 was intended 
to be the same ellipsoid as the GRS 80, but a 
mistake with precision caused a change in the 
inverse of flattening parameter. 

In Figure 15-25, a detail section showing the 
relationship between the ellipsoid and geoid 
can be viewed. The calculation of the ellipsoid 
height h is shown as the addition of the eleva­
tion H and geoid height N. In the example 
shown, N is a negative number (the geoid is 
below the ellipsoid), resulting in h being 
smaller than H. This is the case in all of the 
continental United States. The term geoid 
height is somewhat confusing. Unlike the term 
ellipsoid height, or orthometric height, it does 
not refer to the station height in relation to 
the datum. It refers instead to the height of 
the geoid in relation to the ellipsoid. A more 
appropriate term would be geoid separation. 

A good adjustment package will allow easy 
use of modeled geoid separations and easy 
conversion between ellipsoid heights and ele­
vations. Ellipsoid heights are not of much use 
to the surveyor; water does not flow based on 
differences in ellipsoid height. 

15-11. GPS AND THE FUTURE 

A blending and blurring of differential GPS 
surveying and navigation will result. Work is 
being done to develop on-the-fly ambiguity 
resolution allowing for em level for ships, air­
craft, and most significantly the surveyor, and 
aircraft camera positioning to eliminate the 
need for costly ground control. On-the-flyam­
biguity resolution will have other applications 
such as profiling tasks, and bathymetry without 
the need for static initialization and a host of 
others. For the average surveyor, the name of 
the game will be rapid-statics. 
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Survey Measurement Adjustments 

by Least Squares 

Paul R. Wolf and Charles Ghilani 

16-1. INTRODUCTION 

The general subject of errors in measurement 
was discussed in Chapter 3, and the two classes 
of errors, systematic and random (or accidental), 
were defined. It was noted that systematic er­
rors follow physical laws, and that if the condi­
tions producing them are measured, correc­
tions to eliminate these can be computed and 
applied; however, random errors will still exist 
in all observed values. 

As explained in Chapter 3, experience has 
shown that random errors in surveying follow 
the mathematical laws of probability, and that 
any group of measurements will contain ran­
dom errors conforming to a "normal distribu­
tion" as illustrated in Figure 3-5. With refer­
ence to that figure, it can be seen that random 
errors have the following characteristics: (1) 
small errors occur more frequently than large 
ones, (2) positive and negative errors of the 
same size occur with equal frequency, and (3) 
very large errors seldom occur. They must be 
avoided through alertness and careful check­
ing of all measured values. 

If proper procedures are used in surveying 
work-after eliminating mistakes and making 
corrections for systematic errors-the pres­
ence of remaining random errors generally 

should be evident. In leveling, e.g., as dis­
cussed in Chapter 7, circuits should be closed 
on either the starting bench mark or another 
of equal or higher reliability. Any misclosure 
in the circuit can then be computed, provid­
ing an indication of random errors that re­
main. Similarly, in an angle measurement as 
described in Chapter 6, the sum of all angles 
measured around the horizon at a point should 
equal 360°, and in plane surveying the sum of 
the angles in any closed polygon should equal 
(n - 2) 180°, where n is the number of angles 
in the figure. Also, as discussed in Chapter 9, 
the algebraic sums of the latitudes and depar­
tures of a closed-polygon traverse must equal 
zero. Mter eliminating mistakes and correct­
ing for systematic errors, any remaining devia­
tions (misclosures) from these required condi­
tions indicate the presence of random errors 
in the measured values. 

In surveying, adjustments are applied to 
measured values to distribute misclosure er­
rors and produce mathematically perfect geo­
metric conditions; various procedures are used. 
Some simply apply corrections of the same size 
to all measured values, where each correction 
equals the total misclosure divided by the 
number of measurements. Others introduce 
corrections of varying size to certain values on 

383 
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the basis of their suspected errors. Still others 
employ rules of thumb-e.g., the compass rule 
for adjusting latitudes and departures of closed 
traverses. 

Because random errors in surveying are 
"normally distributed" and conform to the 
mathematical laws of probability, it follows log­
ically that for the most rigorous adjustment 
procedure, corrections should be computed in 
accordance with that theory. The method of 
least squares is based on the laws of probability. 

In the sections of this chapter that follow, 
the fundamental condition that is enforced in 
least-squares adjustment is described and an 
elementary example given. Then, systematic 
procedures for forming and solving least­
squares equations are given, including the use 
of matrix methods. Following this, specific 
procedures for adjusting level nets, trilatera­
tion, triangulation, and traverses are de­
scribed, and example problems solved. 

16-2. THE FUNDAMENTAL 
CONDITION OF LEAST 
SQUARES 

Making adjustments of measured values by the 
method of least squares is not new. It was done 
by the German mathematician Karl Gauss as 
early as the latter part of the 18th century. 
Until the advent of computers, however, least­
squares techniques were seldom employed be­
cause of the lengthy calculations involved. Now 
the procedures are routinely performed. 

Least squares is applicable for adjusting any 
of the basic measurements made in surveying, 
including observed differences in elevation, 
horizontal distances, and horizontal and verti­
cal angles. Applying least squares for adjusting 
these observations in the commonly employed 
surveying procedures if leveling, trilateration, 
triangulation, and traversing is the thrust of 
this chapter. Least squares is also applied in 
photogrammetric, inertial, and GPS surveys, 
but these procedures are not described here. 

For a group of equally weighted observa­
tions, the fundamental condition that is en­
forced in least-squares adjustment is that the 
sum of the squares of the residuals is mini­
mized. This condition, which has been devel­
oped from the equation for the normal distri­
bution curve (see Section 3-10), provides most 
probable values for the adjustment quantities. 
Suppose a group of m equally weighted mea­
surements were taken having residuals 
VI' V 2 , V 3 , ••• , vm ' Then, in equation form, the 
fundamental condition of least squares is ex­
pressed as follows 

i= I 

( ) 2 .. + Vm = mlO\mUm (16-1) 

If measured values are weighted (see Sec­
tion 3-22) in least-squares adjustment, then the 
fundamental condition enforced is that the 
sum of the weights p times their correspond­
ing squared residuals is minimized, or in the 
following equation form: 

m 

L p;(v/ = p\(v\)2 + P2(V2)2 + P3(v 3)2 + ... 
i= I 

Some basic assumptions underlying least­
squares theory are that (1) mistakes and sys­
tematic errors have been eliminated, so only 
random errors remain; (2) the number of ob­
servations being adjusted is large; and (3) as 
stated earlier, the frequency distribution of 
the errors is normal. Although these basic 
assumptions are not always met, least-squares 
adjustment still provides the most rigorous er­
ror treatment available, and hence it has be­
come very popular and important in modern 
surveying. Besides yielding most probable val­
ues for the unknowns, least-squares adjustment 
also enables (1) determining precisions of ad­
justed qualities, (2) revealing the presence of 
large errors and mistakes so steps can be taken 
to eliminate them, and (3) making possible the 



optimum design of survey procedures in the 
office before going into the field to take mea­
surements. The latter topic is beyond the scope 
of this discussion but can be found in refer­
ences cited at the end of this chapter. 

16-3. LEAST-SQUARES 
ADJUSTMENT BY THE 
OBSERVATION-EQUATION 
METHOD 

There are two basic methods of employing 
least squares in survey adjustments: (1) the 
obseroation~quation method and (2) condition­
equation approach. The following discussion in 
this chapter concentrates on the former pro­
cedure. 

In the observation-equation method, obser­
vation equations are written relating measured 
values to their residual errors and the un­
known parameters. One observation equation 
is written for each measurement. For a unique 
solution, the number of equations must equal 
the number of unknowns. If redundant obser­
vations are made, then more observation 
equations can be written than are needed for 
a unique solution, and most probable values of 
the unknowns can be determined by the 
method of least squares. For a group of equally 
weighted observations, an equation for each 
residual error is obtained from each observa­
tion equation. The residuals are squared and 
added to obtain the function expressed in 
Equation (16-1). 

x+y 431.71 

x = 211.52 y = 220.10 

A B c 
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To minimize the function in accordance 
with equation (I6-1), partial derivatives of this 
expression are taken with respect to each un­
known variable and set equal to zero. This 
yields a set of so-called normal equations, which 
are equal in number to the number of un­
knowns. The normal equations are solved to 
obtain the most probable values for the un­
knowns. 

Example 16-1. As an elementary example il­
lustrating the method of least-squares ad­
justment by the observation-equation 
method, adjust the following three equally 
weighted distance measurements taken be­
tween points A, B, and C of Figure 16-1: 

AC = 431.71 

AB = 211.52 

BC = 220.10 

In terms of unknown distances x, and y, 
the following three equations can be written: 

x + Y = 431.71 ft 

x = 211.52 ft 

y = 220.10 ft 

These equations relate unknowns x and y 
to the observations. Values for x and y could 
be obtained from any two of these equations 
so that the remaining equation is redundant. 
Notice, however, that values obtained for x 
and y will differ, depending on which two 
equations are solved. It is therefore apparent 

Figure 16-1. Measurements for least-squares 
adjustment of Example l(}'l. 
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that the measurements contain errors. The 
equations may be rewritten as observation 
equations by including residual errors as fol­
lows: 

x + Y = 431.71 + VI 

X = 211.52 + V 2 

Y = 220.l0 + V3 

To obtain the least-squares solution, the 
observation equations are rearranged to ob­
tain expressions for the residuals; these are 
squared and added to form the function 

m 

L: (V/ 
i=l 

as follows: 

m 

L: (V/ = (x + y - 431.71)2 
i= I 

+(x - 221.52)2 + (y - 220.10)2 

This function is minimized, enforcing the 
condition of least squares, by taking partial 
derivatives with respect to each unknown and 
setting them equal to zero. This yields the 
following two equations: 

a~V2 
-- = 0 = 2(x + y - 431.71) ax 

+ 2(x - 211.52) 

a~V2 
-- = 0 = 2(x + y - 431.71) 

ay 

+ 2(y - 220.10) 

These are normal equations. The reduced 
normal equations are as follows: 

2x + Y = 643.23 

x + 2y = 651.81 

Solving the reduced normal equations si­
multaneously yields x = 211.55 and y = 

220.13. According to the theory of least 
squares, these values have the highest proba-

bility. Having the most probable values for the 
unknowns, the residuals can be calculated by 
substitution in the original observation equa­
tions, or 

VI = 211.55 + 220.l3 - 431.71 = -0.03 

v2 = 211.55 - 211.52 = + 0.03 

Vs = 220.13 - 220.10 = +0.03 

By substituting these adjusted values for x 
and y into the original observation equations, 
the following adjusted measurements result: 

x + Y = 431.71 - 0.03 = 431.68 ft = AC 

x = 211.52 + 0.03 = 211.55 ft = AB 

Y = 220.10 + 0.03 = 220.l3 ft = BC 

Note that the adjusted values are now con­
sistent-i.e., x + y = 431.68-no matter 
which measurements are used. Whereas other 
adjustments could be made to achieve consis­
tency, there is no other combination of residu­
als possible that will render the sum of their 
squares a smaller value. Thus, the condition of 
least squares is realized. 

This simple example serves to illustrate the 
method of least squares without complicating 
the mathematics. Least-squares adjustment of 
large systems of observation equations is per­
formed in the same manner. 

16-4. SYSTEMATIC FORMULATION 
OF NORMAL EQUATIONS 

In large systems of observation equations, it is 
helpful to utilize systematic procedures to for­
mulate normal equations. Consider the follow­
ing system of m linear observation equations 
of equal weight containing n unknowns: 

alA + bIB + clC + ... +nlN - LI = VI 

a2 A + b2B + c2C + ... +n 2N - L2 = V2 

(H~3) 



In Equation (16-3), the a's, b's, e's, etc are 
coefficients of unknowns A, B, C, etc.; the L's 
constants and the v's residuals. By squaring 
the residuals and summing them, the function 
Iv 2 is formed. Taking partial derivatives of 
Iv 2 with respect to each unknown A, B, C, 
etc. yields n normal equations, After reducing 
and factoring the normal equations, we can 
obtain the following generalized system for 
expressing normal equations: 

[aa]A + [ab]B + [ac]C + ... + [an]N = [aLl 

[ba]A + [bb]B + [bc]C + ... + [bn]N = [bL] 

[calA + [cb]B + [cc]C + ... + [cnlN = [cLl 

[nalA + [nblB + [nclC + ... + [nnlN = [nL] 

(16-4) 

In Equation (16-4), the symbol [ ] signifies 
the sum of the products; e.g., [aa] = alai = 

a2a2 + a3a3 + ... +amam; [ab] = alb l + a2b2 
+ a3b3 + ... +ambm; etc. 

It can be similarly shown that normal equa­
tions may be systematically formed from 
weighted observation equations in the follow­
ing manner: 

[paalA + [pablB 

+ [pacje + ... +[pan]N = [paLl 

[pbalA + [pbblB + [pbclC + ... +[Pbn]N = [pbL] 

[pca]A + [pcblB + [peele + ... [penlN = [peLl 

[pna]A + [pnb lB 

+ [pnclC + ... +[pnnlN = [pnL] (16-5) 

In Equation (16-5), the terms are as described 
previously, except that the p's are the relative 
weights of the individual observations. Exam­
ples of the bracket terms are [paa] = Plalal 
+ P2 a2a2 + ... +Pmamam; [pbL] = p1blL I + 

P2b2L2 + ... +PmbmLm; etc. 
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16-5. MATRIX METHODS IN 
LEAST -SQUARES 
ADJUSTMENT 

It has been previously mentioned that least­
squares computations are quite lengthy and 
therefore best performed on a computer. The 
algebraic approach-Equations (16-4) or (16-
5)-for forming normal equations and obtain­
ing their simultaneous solution can be pro­
grammed for computer solution; however, the 
procedure is much more easily adapted to 
matrix methods. 

In developing matrix equations for least­
squares computations, analogy will be made to 
the algebraic approach in Section 16-4. First, 
observation Equation (16-3) may be prepre­
sen ted in matrix form as follows: 

where 

A 
a l bl ci n J B 
a2 b2 C2 n 2 C 

A= , X= 

am bm em nm 
N 

L J VI 

L2 v2 

Ls V3 

L= V= 

Lm vm 

On studying the following matrix represen­
tation, it will be realized that it exactly pro­
duces normal Equation (16-4): 

(16-7) 

In this equation, ATA is the matrix of nor­
mal equation coefficients for the unknowns. 



388 Survey Measurement Adjustments fly Least Squares 

Premultiplying both sides of Equation (16-7) Example 16-2. Solve example 16-1 using ma-
by (ATA)-l and reducing, we obtain trix methods. 

IX = (ATA)-INL 

X = (NA)-INL 

(I~) 

In this reduction, I is the identity matrix. 
Equation (16-8) is the basic least-squares ma­
trix equation for equally weighted observa­
tions. The matrix X consists of most probable 
values for unknowns A, B, C, ... , N. For a 
system of weighted observations, the following 
matrix equation provides the X matrix: 

In Equation (16-9), the matrices are identi­
cal to those of the equally weighted equations, 
except that P is a diagonal matrix of weights 
defined as follows: 

m 

PI 

P3 
p= 

In the P matrix, all off-diagonal elements 
are zeros. This is proper when the individual 
observations are independent and uncorre­
lated-e.g., they are not related to each other. 
This is usually the case in surveying. 

If the observations in an adjustment are all 
of equal weight, Equation (16-9) can still be 
used, but the P matrix becomes an identity 
matrix with ones for all diagonal elements. It 
therefore reduces exactly to Equation (16-8). 
Thus, Equation (16-9) is a general one that can 
be used for both unweighted and weighted 
adjustments. It is readily programmed for 
computer solution. 

1. The observation equations of Example 16-1 
can be expressed in matrix form as follows: 

where 

[
1 1]2 

A= ~ ~ , X= [;f, 

[ ]

1 
431.71 I VI 

L = [211.52], V = v2 

220.lO V3 

2. Solving matrix Equation (16-7), yields 

-1] NL = [643.23] 
2 ' 651.81 

[ 643.23] = [211.55] 
651.81 220.13 

Note that this solution yields x = 211.55 
and y = 220.13, which are exactly the same 
values obtained through the algebraic ap­
proach of Example 16-1. 

As previously stated, digital computers are 
normally used in least-squares adjustments due 
to the relatively lengthy nature of the calcula­
tions. Because the equations are so conven­
iently programmed and solved using matrix 
algebra, the balance of this chapter will stress 
this approach. 



16-6. MATRIX EQUATIONS FOR 
PRECISIONS OF ADJUSTED 
QUANTITIES 

The matrix equation for calculating residuals 
after adjustment, whether the adjustment is 
weighted or not, is 

V=AX-L (16-10) 

The standard deviation of unit weight for an 
unweighted adjustment is 

(16-11) 

The standard deviation of unit weight for a 
weighted adjustment is 

(16-12) 

In Equations (16-11) and (16-12), r is the 
number of degrees of freedom in an adjust­
ment and equals the number of observations 
equations minus the number of unknowns, or 
r = m - n. 

Standard deviations of the individual ad­
justed quantities are as follows: 

(16-13) 

In Equation (16-13), Sx is the standard devia­
tion of the ith adjusted quantity-e.g., the 
quantity in the ith row of the X matrix; So the 
standard deviation of unit weight as calculated 
by Equation (16-11) or (16-12); and Q.x the 
diagonal element in the ith row and th~ ith 
column of the matrix (ATA)-I in the un­
weighted case or the matrix (ATpA)-1 in the 
weighted case. The (ATA)-I and (ArpA)-1 ma­
trices are the so-called covariance matrices. 

Example 16-3. Calculate the standard devia­
tion of unit weight and standard deviations 
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of the adjusted quantities x and y for the 
unweighted problem of Example 16-2. 

1. By Equation (16-10), the residuals are as 
follows: 

v = [O~ ~l[211.55] 1 220.13 

-[~i~:~~l = [-~:~;l 
220.10 0.03 

2. By Equation (16-11), the standard deviation 
of unit weight is 

VTV = [-0.03 0.03 0.03][ -~:~;l 
0.03 

= 0.0027 

J 0.0027 
So = ~ = ±0.052 

3. With Equation (16-13), the standard devia­
tions of the adjusted values for x and yare 

Sx = ±0.052{i = ±0.042 

Sy = ±0.052{i = ±0.042 

In part 3, the numbers 2/3 under the radi­
cals are the 1,1 and 2,2 elements of the (AT A) -I 
matrix of Example 16-2. The interpretation of 
the standard deviations computed under part 
3 is that a 68% probability exists the adjusted 
values for x and yare within ± 0.042 of their 
true values. Note that for this simple example, 
the three residuals calculated in part 1 were 
equal, and the standard deviations of x and y 
were equal in part 3. This is due to the sym­
metric nature of this particular problem (il­
lustrated in Figure 16-1), but it is not generally 
the case with more complex problems. 
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16-7. ADJUSTMENT OF LEVELING 
CIRCUITS 

The method of least squares is extremely valu­
able as a means of adjusting leveling circuits, 
especially those consisting of two or more in­
terconnected loops that form networks. A sim­
ple example is illustrated in Figure 16-2. Here 
the objective was to determine elevations of A, 
B, and C, which were to serve as temporary 
project bench marks to control construction 
of a highway through the cross-hatched corri­
dor. Obviously, it would have been possible to 
obtain elevations for A, B, and C by begin­
ning at BMX and running a single closed loop 
consisting of only courses 1, 5, 7, and 4. Alter­
natively, a single closed loop could have been 
initiated at BMY and consist of courses 2,5, 7, 
and 3. However, by running all seven courses, 
redundancy is achieved that enables checks to 
be made, blunders isolated, and precision in­
creased. 

Now that we have run all seven courses of 
Figure 16-2, it would be possible to compute 
the adjusted elevation of B, e.g., using several 
different single closed circuits. Loops 1-5-6, 
2-5-6, 3-7-6, and 4-7-6 could each be used, but 
it is almost certain that each would yield a 

different elevation for B. A more logical ap­
proach, that will produce only one adjusted 
value for B-its most probable one-is to use 
all seven courses in a simultaneous least­
squares adjustment. 

In adjusting level networks, the observed 
difference in elevation for each course is 
treated as one observation containing a single 
random error. This single random error is the 
total of the individual random errors in back­
sight and foresight readings for the entire 
course. The table of Figure 16-2 lists the total 
difference in elevation observed for each 
course. In the figure, the arrows indicate the 
direction of leveling. Thus, for course number 
1, leveling proceeded from BMX to A and 
the observed elevation difference was + 5.10 
ft. 

Example 164. Adjust the level net of Figure 
16-2 by least squares. Consider all observa­
tions to be equally weighted. Compute the 
precisions of the adjusted elevations. 

1. First, observation equations are written relat­
ing each measurement of the difference in 
elevation of a line to the most probable 
values for unknown elevations A, B, and C 

100,00 Observed 
Elevo. "tion 
Difference 

4 

L 

Figure 16-2. Leveling network. 

line No. 

107,50 

1 
2 
3 
4 
5 
6 
7 

5.10 
2.34 

-1.25 
-6.13 
-0.68 
-3.00 

1.70 



and residual errors in the measurements, as 
follows: 

A = BMX + 5.10 + vI 

BMY = A + 2.34 + V 2 

C = BMY - 1.25 + V3 

BMX = C - 6.13 + V 4 

B = A - 0.68 + V5 

B = BMY - 3.00 + V6 

C = B + 1.70 + V7 

(16-14) 

2. Introducing the elevations of BMX and 
BMY, reducing, and rewriting observation 
Equations (16-14) in a form compatible with 
Equation (16-6) give the following: 

A = 105.10 + vI 

- A = -105.16 + v 2 

C = 106.25 + V3 

- C = -106.13 + V 4 

- A + B = - 0.68 + V5 

B = 104.50 + V6 

- B + C = 1.70 + v7 

3. The observation equations expressed in ma­
trix form are as follows: 

where 

1 0 0 
-1 0 0 

0 0 1 X~lH ATA= 0 0 -1 , 
-1 1 0 

0 0 
0 -1 1 

105.10 
VI 

-105.16 
v 2 

106.25 V3 

L= -106.13 , V= v4 

-0.68 
V5 

104.50 
1.70 V6 

V7 
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4. The matrix solution for most probable 
values is 

105.10 
-105.16 

106.25 
-106.13 

-0.68 
104.50 

1.70 

-1 0 
o 0 
o 1 

o 
o 
o 
o 
1 
1 

-1 

o 
X 0 

-1 

o 
o -1 

-1 
3 

-1 

o 
o 
1 

-1 
o 
o 
1 

(A!A) = - 3 9 
-I 1 [8 3 

21 1 3 i] 

[
105.l4] 

= 104.48 
106.19 

-1 0 
o 0 
o 1 

[
210.94] 

= 102.12 
214.08 

[
210.94] 

X 102.12 
214.08 

o 
o 

-1 

-1 0 
1 1 
o 0 

Thus, the adjusted bench-mark elevations 
are A = 105.14, B = 104.48, and C = 
106.19. 

-r] 
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5. The residuals by Equation (16-lO) are as 
follows: 

1 0 0 
-1 0 0 

0 0 1 
AX= 0 0 -1 [10514] lO4.48 

-1 1 
0 1 
0 -1 

105.14 
-105.14 

106.19 
-106.19 

-0.66 
104.48 

1.71 

0 lO6.19 
0 
1 

lO5.14 
-105.14 

lO6.19 
V = AX - L = -lO6.19 

-0.66 
lO4.48 

1.71 

+0.04 
+0.02 
-0.06 
-0.06 
+0.02 
-0.02 
+0.01 

lO5.lO 
-lO5.10 

lO6.25 
-lO6.13 

-0.68 
lO4.50 

1.70 

6. Utilizing Equation (16-11), we obtain the es­
timated standard deviation of unit weight as 

{D.OlOl 
So = V 7-3 = ±0.050 ft 

where 

VTV = (0.04)2 + (0.02)2 + 

(-0.06)2 + (-0.06)2 + (0.02)2 + 

(-0.02)2 + (0.01)2 = 0.0101. 

7. By Equation (16-13), the estimated standard 
deviations of unknown elevations of A, B, 
and Care 

SA = SOV~A = ± (0.05)y'8/21 = ±0.031 ft 

SB = SOV(bB = ± (O.05)y'9 /21 = ± 0.033 ft 

Sc = SoVQcc = ±(0.05)y'8/21 = ±0.031 ft 

Note in these calculations that terms in the 
radicals are diagonal elements of the (ATA)-l 
matrix. 

Exampl£ 16-5. Adjust the level net of Figure 
16-2 by the method of weighted least 
squares. Use weights that are inversely pro­
portional to the course lengths of 4, 3, 2, 3, 
2, 2, and 2 m, respectively. 

l. The A, X, L, and V matrices are exactly the 
same as for Example 16-4. The diagonal 
elements of the P matrix are 1/4, 1/3, 1/2, 
1/3, 1/2, 1/2, and 1/2, respectively, and 
after we multiply each by 12, the P matrix 
becomes 

3 
4 

6 
P= 4 

6 
6 

6 

2. The matrix solution of Equation (16-9) is 

[°0 0933 
0.0355 000133] 

(ATpA)-1 = 0.0355 0.0770 0.0289 
0.0133 0.0289 0.0733 

ATp ~ [i -1 0 0 -1 0 -:] 0 0 0 1 1 
0 -1 0 0 

3 
4 

6 
X 4 

6 
6 

6 

-[1 
-4 0 0 -6 0 

-:J 0 0 0 6 6 
0 6 -4 0 0 



A'PA ~ [~ -4 0 0 -6 0 -i] 0 0 0 6 6 
0 6 -4 0 0 

1 0 0 
-1 0 0 

0 0 1 
x 0 0 -1 

-1 1 0 
0 1 0 
0 -1 1 

~ [ ~l -6 

-~] 18 
-6 16 

A'PL ~ [~ 
-4 0 0 -6 0 -i] 0 0 0 6 6 

0 6 -4 0 0 

105.10 
-105.16 

106.25 
X -106.13 

-0.68 
104.50 

1.70 

[ 740.02] 
= 612.72 

1072.22 

X = (ATpA) -1N'PL 

[0.0933 0.0355 O.oJ33] 
= 0.0355 0.0770 0.0289 

0.0133 0.0289 0.0733 

[ 74002] 
X 612.72 

1072.22 

[10515] 
= 104.49 

106.20 

In summary, the adjusted elevations for A, B, 
and Care 105.15, 104.49, and 106.20, re­
spectively. Note that these differ slightly from 
the unweighted results of Example 16-4, as 
they should. 
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3. By equation (16-10), the residuals are as fol­
lows: 

0 0 
-1 0 0 

0 0 1 
AX= 0 0 -1 

[105.15] 
104.49 

-1 1 
0 1 
0 -1 

105.15 
-105.15 

106.20 
-106.20 

-0.66 
104.49 

1.71 

0 106.20 
0 
1 

105.15 
-105.15 

106.20 
V = AX - L = -106.20 

-0.66 
104.49 

1.71 

+0.05 
+0.01 
-0.05 
-0.07 
+0.02 
-0.01 
+0.01 

105.l0 
-105.l6 

106.25 
- -106.13 

-0.68 
104.50 

1.70 

4. The estimated standard deviation of unit 
weight by Equation (16-12) is 

V 0.046 
So = ± 7 _ 3 = ±0.107 

where 

VTpV = 3(0.05)2 + 4(0.01)2 

+ 6( -0.05l + 4( -0.07)2 

+ 6(0.02)2 + 6( -0.01)2 + 6(0.01)2 

= 0.0461. 
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5. By Equation (16-13), the estimated standard 
deviations in elevations of bench marks A, 
B, and C are as follows: 

SA = SO";'J.AA = ± (O.107)V(O.0933) 

= ±0.033 ft 

SB = SO";~B = ±(O.107)V(O.0770) 

= ±0.030 ft 

Sc = So";Qcc = ±(O.107)V(O.0733) 

= ±O.029 ft 

Note that values under the radicals in the 
above calculations are diagonal elements of 
the (ATpA)-1 matrix. 

16-8. ADJUSTMENT OF 
HORIZONTAL SURVEYS 

In addition to level nets, which can be re­
ferred to as vertical surveys, another basic class 
that can be adjusted by least squares is horizon­
tal surveys. They are run for the purpose of 
establishing horizontal positions of points, ex­
pressed either in terms of X and Y plane 
coordinates (usually state plane systems), or as 
geodetic latitudes and longitudes. These sur­
veys are often executed as one of three spe­
cific types: (1) trilateration, (2) triangulation, or 

16-9. THE DISTANCE OBSERVATION 
EQUATION 

Distance observation equations relate mea­
sured lengths and their inherent random er­
rors to the most probable coordinates of their 
end points. This procedure is often referred to 
as the method of the variation of coordinates. In 
this section, X and Y plane coordinates will 
be used. Referring to Figure 16-3, we may 
write the following distance observation equa­
tion for any line 1]: 

In Equation (16-15), Lij is the observed 
length of line 1]; VLij is the residual error in 
the observation; and Xi' y;, Xj' and 1j are the 
most probable coordinates of points I and J. 
The right side of the equation is a nonlinear 
function of unknown variables Xi' y;, Xj' and 
1j. The equation may be rewritten as 

(16-16) 

where 

With the Taylor series, linearization of the 
function F, after we drop as negligible all 

(3) traversing. The methods of running these 
surveys are described in Chapters g, 11, and y 
12, respectively. 

Reference 

MerIdian Trilateration consists exclusively of distance 
measurements, triangulation principally in­
volves angle measurement with some base-line 
distances observed, and traverses contain both 
distance and angle measurements. Therefore, 
to perform least-squares adjustments of hori­
zontal surveys by the method of observation 
equations, it is necessary to write observation 
equations for these two types of measure­
ments. The equations are nonlinear, so they 
are first linearized using Taylor's theorem and 
then solved iteratively. 

Reference PanJ.llel 

-+-----------------L----------~·x 

Figure 16-3. Geometry of distance observation equation. 



terms of order two or higher, takes the follow­
ing form: 

+ [ aF 1 dlj 
af. 

1 0 

(16-17) 

In Equation (16-17), Xio ' 1';0' Xio ' ljo are 
initial approximations of unknowns Xi' 1';, Xi' 
and lj; (aF / aX)o is the partial derivative of F 
with respect to Xi evaluated at the initial ap­
proximations, etc.; and dXi , d1';, dXi , and dlj 
are corrections to be applied to the initial 
approximations such that 

X·=X· +dX· ) 10 1 

f. = f. + df. 
1 10 1 

Evaluating partial derivatives of the func­
tion F, substituting them into Equation (16-17), 
and then in turn substituting into Equation 
(16-16) and rearrange, we arrive at the follow­
ing linearized observation equation for dis­
tance measurements: 

K + V; = '0 10 dX. + '0 10 df. [ X.-X.] [f.-f.] 
Lij Lij IJo ' IJo I 

+ 10 '0 dX. + [
X. -x. ] 

IJo J 

10 '0 dY. [ f.-f.] 
IJo 1 

(16-18) 

where KL = L i1· - (IJo), and 
'J 

(Ho) = ,j(x. - x. )2 + (f. _ f. )2 
lJ1 10 '0 }o '0 

Evaluation of partial derivatives in the pre­
vious development is quite straightforward. 
However, to illustrate the procedure, the par­
tial of F with respect to Xi is demonstrated. 
Having done this, we may easily visualize the 
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remaining partials without actually performing 
the steps. 

[ 2 2] 1/2 
F = (Xi - X) + (lj - Y;) 

aF 1 [ 2 
- = - <X.-X.) 
aXi 2 J ' 

2] -1/2 +(lj - Y;) [2(Xi -X)(-I)] 

Reducing gives 

aF -Xj + Xi 

ax [ 2 2]1/2 
i (Xj - X) + OJ - Y) 

Rearranging and evaluating at initial ap­
proximations yield the following: 

aF 

16-10. THE ANGLE OBSERVATION 
EQUATION 

Angle observation eqJlations relate measured 
angles and their inherent random errors to 
the most probable coordinates of the occupied 
station, backsight station, and foresight station. 
This is also termed the variation of coordi­
nates method. Again, in this treatment X and 
Y plane coordinates are used. Referring to 
Figure 16-4, we may write the following obser­
vation equation for the measured angle at I 
between points J and K: 

(Jjik + l'ejih = azimuth ik - azimuthij 

-tan- I J '+C (16-19) (X. - X.) 
lj-Y; 

Equation (16-19) relates observed angle ()jik 

and its residual error Yo. to the most proba-
J" 
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y 

ReFerence 
Meridian 

Azimuthij 

ICXi,Y i ) 

Reference 
Parallel 

-t--------"'---------.... x 
Figure 16-4. Geometry of angle observation equation. 

ble angle in terms of unknown variables Xj , lj, 
Xi' y;, Xk , and Yk , the most probable coordi­
nates of the points involved. The term C makes 
the equation general and accounts for the fact 
that the azimuths of lines IK and I] can be in 
any directions. Figure 16-5 shows the 12 possi-

J 

I< C • 0 

C = 0 

(al (b) K 

J 
K 

C • 0 

C • 0 

K J 
eel (f) 

K 

C = 180 

(0 K (Jl 

ble quadrant locations for stations j, I, and K 
for angles under 180°. For the six cases a 
through j, C = 0; for the six cases g through 
1, C = 180°. 

Equation (16-19) is also nonlinear and may 
be linearized using the Taylor series as follows: 

where 

-1 ' -1 J '+ C (Xk-X.) (X-X) = tan - tan ---
Yk-Yi lj-V; 

The Taylor series approximation for func­
tion U, after we drop as negligible all terms of 

K 
C • 0 C ·0 

J 
(e) (d) 

K 
C • 180 

J 
(gl (hl 

K 

K 

J 
C = 180 

<ld J (U 

Figure 16-5. Twelve different quadrant locations (a) through (I) for stations J, J, and K in angle 
measurement. 



order two and higher, is 

+ [ au 1 dXj + [ au 1 dlj ax, ay 
) 0 ) 0 

In Equation (16-21), terms are defined as in 
Equation (16-17). Evaluating partial derivatives 
of the function U, substituting them into equa­
tion (16-21), and then in turn substituting into 
equation (16-20) and rearranging, we get the 
following linearized observation equation for 
angle measurements: 

(16-22) 

where K() = 0J'ik - 0J'ik ' and 
)llt. 0 

(
X - X ) () = _} ko io 

"k tan 
). 0 Y -x 

ko '0 

( X -x ) _ tan - } )0 '0 + C 
y -y 
)0 '0 

(ITO) = V(X _X)2 + (y _ y)2 
';j I 10 '0 10 '0 
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Equations (16-18) and (16-22) are linearized 
distance and angle observation equation, re­
spectively, and a system of these may be formed 
and manipulated conveniently by matrix 
methods for adjusting horizontal surveys. 

In equation (16-22), Kg". and VO. are in 
radian measure. Since it il more co£nmon to 
work in the sexagesimal system in the United 
States and because the magnitudes of the an­
gie residuals are generally in the seconds 
range, the equation's units may be converted 
to seconds by multiplying the right-hand side 
by p (rho) the number of seconds per radian, 
which is 206,264.8"/ rad. 

16-11. TRILATERATION 
ADJUSTMENT 

As noted in Section 16-8, trilateration surveys 
consist of only distance measurements. The 
geometric figures used are many and varied. 
All are equally adaptable to the observation­
equation method of adjustment, although each 
different geometric configuration poses a spe­
cific adjustment problem. Consider, e.g., the 
adjustment of simple Figure 16-6. Points A, B, 
and C are horizontal control points whose X­
and Y-coordinates are known and fixed. The 
position of point U is to be established from 
the measurement of distances AU, BU, and 
cu. Obviously, any two of these distances would 

y 
A 

B 

c 

u 

Legend: 

M"'Qsurecl 
----tt------ distance 

-r----------------------.x 

Figure 16-6. Simple Uilateration example, 
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be sufficient to establish X- and V-coordinates 
of U. The third distance is, therefore, redun­
dant and makes possible the adjustment and 
calculations of most probable values of Xu 
and Yu . 

The observation equations are developed 
by substituting into prototype Equation (16-18). 
The equation for measured line AU, e.g., may 
be formed by interchanging subscript i with a, 
and j with u. For line BU the i and j sub­
scripts of Equation (16-18) are replaced by b 
and u, respectively, ad for line CU, the sub­
scripts i and j are replaced by c and u, respec­
tively. It is to be noted that if one of the end 
points of a measured line is a control point, 
then its coordinates are invariant, and hence 
these terms drop out of the prototype observa­
tion equation. By using the procedures, de­
scribed, the following three linearized obser­
vation equations result: 

where 

+ Uo a dY [
y - y ] 

AUo u 

BUo = Y(Xuo - Xb)2 + (Yuo - yb)2 

CUo = Y(Xuo - X)2 + (Yuo - yy 

Also, Lau' L bu ' and Leu are the observed dis­
tances, and Xu and Yu initial approxima-

o 0 

tions of coordinates of point U, which can be 
obtained from a scaled diagram or computed 
from two of the observed distances. 

This system of linear observation equations 
may be expressed in matrix form as follows: 

where A is the matrix of coefficients of un­
known; X the matrix of unknown corrections 
dXu and dYu ; K the matrix of constants, i.e., 
measured lengths minus lengths computed 
from initial approximate coordinates, and V 
the matrix of residuals in the measured 
lengths. Most probable corrections dXu and 
dYu ' and hence the most probable coordinates 
Xu and Yu, may be calculated by applying the 
least-squares matrix equation. If we consider 
equal weights for the observations the equa­
tion is 

The X matrix consists of corrections to be 
added to the initial approximations of the 
coordinates. Because Taylor series lineariza­
tion drops terms higher than order one, an 
iterative solution is required. For the second 
iteration, the corrected coordinates are used 
to reformulate the A and K matrices. Then, 
these are used in another least-squares solu­
tion to obtain a new X matrix consisting of 
corrections. The process is repeated until the 
values of the computed X matrix become small 
enough to be considered negligible. 

Example 16-6. Adjust the example of Figure 
16-6 by least squares if measured distances 
AU, BU, and CU are 6049.00, 4736.83, and 
5446.49 ft, respectively, and coordinates of 
the control points are as follows: 

Xa = 865.40, 

Ya = 4527.15, 

Xb = 2432.55, 

Yb = 2047.25, 

Xc = 2865.22 

Ye = 27.15 



A. FIRST ITERATION. 

1. Calculate initial approximates for XUo and 

Yuo' 
(a) Calculate azimuth AB. 

[ 
2432.55 - 865.40 ] 

Azimuth = tan- I 
AB 2047.25 - 4527.15 

+ 180° = 147°43'34" 

(b) Calculate length AB. 

(2432.55 - 865.20)2 
+(2047.25 - 4527.15)2 

= 2933.58 ft 

(c) Calculate azimuth AUo, (from cosine law: 
c2 = a 2 + b2 - 2ab cos C). 

cos(.~.uAB ) 

6049.002 - 4736.832 + 2933.582 

2(6049.00)(2933.58) 

4UAB = 50°06'50" 

AzAUo = 147°42'34" - 50°06'50" = 97°35'44" 

(d) Calculate Xuo and Yuo 

Xuo = 865.40 + 6049.00sin(97°35'44") 

= 6861.324 ft 

Yuo = 4527.15 + 6049.00cos(97°35'44") 

= 3727.587 ft 

2. Calculate AUo, BUo, and CUo. For this first 
iteration, AUo and BUo are exactly equal to 
their respective measured distances because 
Xuo and Yuo were calculated from these 
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measured values. Therefore, 

AUo = 6049.00, BUo = 4736.83 

CUo = [(6861.32 - 2865.22)2 

+(3727.59 - 27.15l]I/2 = 5446.29 ft 

3. Formulate the matrices. (a) The A matrix. 
Observation Equations (16-18) may be sim­
plified as follows: 

where 

6861.32 - 865.40 
all = = 0.991 

6049.00 

3727.59 - 4527.15 
a l2 = 

6049.00 
= -0.132 

6861.32 - 2432.55 
a 21 = 

4736.83 
= 0.935 

3727.59 - 2047.25 
a 22 = 

4736.83 
= 0.355 

6861.32 - 2865.22 
a 31 = = 0.734 

5446.29 

3727.59 - 27.15 
a32 = = 0.679 

5446.29 

(b) The K matrix. 

kl = 6049.00 - 6049.00 = 0.00 

k2 = 4736.83 - 4736.83 = 0.00 

k3 = 5446.49 - 5446.29 = 0.20 

(c) The X and V matrices. 



400 Surot'J Measurement Adjustments fly Least Squares 

4. The matrix solution using unweighted least­
squares Equation (16-7) is 

x = (NA)-IATK 

ATA = [ 0.991 0.935 0.734] 
-0.132 0.355 0.679 

[
0.991 -0.132] 

X 0.935 0.355 
0.735 0.679 

= [2.395 0.699] 
0.699 2.395 

(ATA)-I = _1_[ 0.605 
0.960 -0.699 

-0.699] 
2.395 

NK= [ 0.991 
-0.132 

0.935 0.734] 
0.355 0.679 

[ ~.:] = [0.144] 
0:200 0.135 

X __ 1_[ 0.605 
- 0.960 -0.699 

[ 0.144] [-0.007] 
0.135 = +0.232 

-0.699] 
2.395 

The revised coordinates of U are as follows: 

Xu = 6861.324 - 0.007 = 6861.317 

Yu = 3727.587 + 0.232 = 3727.819 

B. SECOND ITERATION. 

1. Calculate AUo, BUo, and GUo. 

AUo = 
(6861.73 - 865.40)2 

+(3727.819 - 4527.15)2 

= 6048.963 

BUo = 
(6861.317 - 865.40)2 

+(3727.819 - 2047.25)2 

= 4736.907 

GUo = 
(6861.317 - 2865.22)2 

+(3727.819 - 27.15)2 

= 5446.443 

2. Formulate the matrices. With these minor 
changes in the lengths, the A matrix (to 
three places) does not change. Hence, 
(ATA)-I does not change either. The K ma­
trix does not change, however, as shown by 
the following computations: 

ki = 6049.00 - 6048.963 = 0.037 

k2 = 4736.83 - 4376.907 = -0.077 

k3 = 5446.49 - 5446.443 = 0.047 

3. The matrix solution. 

ATK = [ 0.991 0.935 0.734] 
- 0.132 0.355 0.679 

X [-~:~~~] 
0.047 

= [-0.0008] 
-0.0003 

X __ 1_[ 0.605 
- 0.960 -0.699 

X [-0.0008] 
-0.0003 

= [-0.0003] 
-0.0002 

-0.699] 
2.395 

The revised coordinates of U are 

Xu = 6861.317 - 0.0003 = 6861.317 

Yu = 3727.819 - 0.0004 = 3727.819 

Satisfactory convergence is indicated by the 
very small size of the corrections computed in 
the second iteration. Having calculated most 
probable coordinates, we may then calculate 
residuals using Equation (16-10), followed by 
calculations for the standard deviation of unit 
weight and the standard deviations of adjusted 
coordinates using Equations (16-11) and (16-
13), respectively. Of course, the measured 
lengths could be weighted, in which case the 
appropriate weighted least-squares equations 
would be used. 



y B Legend: 
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F"JgUI't! 16-7. More complex trilateration network. 

As was demonstrated in Example 1~, X­
and Y-coordinates of control stations can read­
ily be held fixed in an adjustment. This is 
accomplished by assigning values of zero to 
their dX and dY terms, and hence those terms 
drop out of the equations. Note that in each 
observation equation of the example, only two 
unknowns appear, since in each case one end 
of those lines was a control station and thus 
was held fixed. Directions of lines can also be 
held fixed, and methods of doing so are de­
scribed in references cited at the end of this 
chapter. 

The procedure for adjusting larger trilater­
ation networks, such as that shown in Figure 
16-7, follows the same approach as that used 
for the small figure of Example 16-6. The basic 
difference is that the sizes of the matrices are 
larger, but the individual elements are still 
formed using the same prototype equation. 
Suppose in Figure 16-7 that A and C are 
control points whose coordinates are fixed. 
Thus, there are ten observations and eight 
unknowns. Points A and C in the network are 
held fixed by giving the terms dXa , dYa , dX" 
and dY" zero coefficients. Hence, these terms 
drop out of the solution. The A matrix formu­
lated from Equation (16-18) would have 
nonzero elements as indicated by the X's in 
Table 16-1. 

Formulation of the matrices and their 
least-squares solution in an iterative manner 
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are readily programmed for computer solu­
tion. 

16-12. TRIANGULATION 
ADJUSTMENT 

Triangulation is a method of horizontal con­
trol extension in which angle measurements 
are the basic observations. Positions of widely 
spaced points are then computed based on 
these angles and only a minimum number of 
measured distanced called base lines. As in 
trilateration, the geometric figures used are 
many and varied. 

Least-squares triangulation adjustment may 
be performed by condition equations, direc­
tion observation equations, or angle observa­
tion equations. In this section, the angle ob­
servation equation method is presented. This 
procedure is relatively simple and adaptable to 
any combination of angle measurements and 
geometric figures. 

In formulating angle observation equations 
I is always assigned to the station of the angle's 
vertex. Ifwe consider the angles turned clock­
wise, ] is the backsight station and K the 
foresight station. This designation of stations 
must be strictly adhered to in forming obser­
vation equations from prototype Equation (16-
22). The procedure is demonstrated in numer­
ical examples in this chapter. 

16-12-1. Adjustment of 
Intersections 

Intersection is one of the simplest and 
sometimes most practical methods for locating 
the horizontal position of an occasional iso­
lated point, if the point is visible from two or 
more existing horizontal control stations. In­
tersection is especially well-adapted over inac­
cessible terrain. For a unique position compu­
tation, the method requires that at least two 
horizontal angles be measured from two con-
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Table 16·1. Nonzero elements for A matrix from Equation (16-18) 

Unknowns dYb dXb dYd 

Distance 

AB X X 0 
AE 0 0 0 
Be X X 0 
BF X X 0 
BE X X 0 
CD 0 0 X 
G' 0 0 0 
DF 0 0 X 
DE 0 0 X 
FE 0 0 0 

trol points, as angles 81 and 82 measured at 
control points A and B of Figure 16-8. If 
additional control is available, the position 
computation for unknown point U can be 
strengthened by measuring redundant angles 
()3 and ()4 in the figure. When redundant 
measurements are taken, most probable coor­
dinates of the point U may be calculated by 
the least-squares procedure. 

Example 16-7. Adjust the example of Figure 
16-8 by least squares if the measured angles 
(equally weighted) and coordinates of con­
trol points are the following: 

Xu = 865.40 

Xb = 2432.55 

Xc = 2865.22 

Ya = 4527.15 

Yb = 2047.25 

Yc = 27.15 

dXd dY, dX, dYf dXf 

0 0 0 0 0 
0 X X 0 0 
0 0 0 0 0 
0 0 0 X X 
0 X X 0 0 
X 0 0 0 0 
0 0 0 X X 
X 0 0 X X 
X X X 0 0 
0 x X X X 

1. Calculate initial approximations for AUo, 
BUo, GUo, XUo ' and Yuo as follows: 

y 

AB = 
(2432.55 - 865.40)2 

+(4527.15 - 2047.25)2 

= 2933.58 ft 

AB sin 92 
AUo = ------­

sin(l80° - 91 - ( 2 ) 

2933.58 sin 101 °30' 47" 

= 6049.00 ft 

Azimuth AB = tan - 1 + 180° ( Xb - Xa ) 

A 

Yb - Ya 

( 
2432.55 - 865.40 ) 

- tan-I 
2047.25 - 4527.15 

u 

+-----------------------~x 

Figure 16-8. Intersection example. 



Azimuth AUo = 147°42'34" - 50°06'50" 

= 9~35'44" 

X = X + AlJ.o sin(azimuth AUo) 
Uo a 

= 865.40 + (6049 .00 )sin 9~35' 44" 

= 686l.35 

Y = Y + AlJ.o cos{azimuth AUo) Uo a 

= 4527.15 + {6049.00)cos97°35'44" 

= 3727.59 

BUo = 
{686l.35 - 2432.55)2 

+(3727.59 - 2047.25)2 

= 4736.83 

CUo = 
{6861.35 - 2865.22)2 

+(3727.59 - 27.15)2 

= 5446.29 

2. Formulation of the matrices. As in trilatera­
tion adjustment, a control station's coordi­
nate can be held fixed by assigning zeros to 
its dX and dY values, so that these terms 
drop out of the equations. In Figure 1 tHl, 
the vertex points of all angles are control 
stations; thus, their dX and dY values are 
zeros, and these terms do not appear in the 
observation equations. In forming the obser­
vation equations, I, J, and K are assigned as 
previously described. Thus for angle 91, i, j, 
and k are placed in prototype Equation (I 6-
22) by a, u, and h, respectively. Angle 91 

conforms to Figure 14-4b. 
Referring to Equation (16-22), we may write 
the following observation equations for the 
four observed angles: 
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3. Substituting control point coordinates and 
approximate coordinates Xuo and Yuo into 
the linearized observation equations and 
multiplying by p, we can form the following 
A and K matrices. [Note that Equation (I 6-19) 
is used to calculate their K values.] 

4527.15 - 3727.59 

6049.00 2 

3727.59 - 2047.25 

4736.83 2 

A = P 2047.25 - 3727.59 

4736.832 

3727.59 - 27.15 

5446.292 

[ 
4.507 

= 15.447 
-15.447 

25.732 

33.8001 -40.713 
40.713 

-27.788 

6861.35 - 865.40 

6049.00 2 

2432.55 - 6861.35 

4736.832 

6861.35 - 24.32.55 

4736.832 

2865.22 - 6861.35 

5446.292 
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K= 

50°06'50" _ {tan-I ( 2432.55-865.40 ) -tan- I ( 6861.35-865.40 ) + 00} 
2047.25 - 4527.15 3727.59 - 4527.15 

{ ( 6861.35 - 2432.55 ) ( 865.40 - 2432.55 ) } 
101°30'47" - tan-I - tan-I + 0° 

3727.59 - 047.25 4527.15 - 2047.25 

{ ( 2865.22 - 2432.55) (6861.35 - 2432.55) } 
98°41'17" - tan-I -tan-I + 180° 

27.15 - 047.25 3727.59 - 2047.25 

[ 
0.00" 1 

= 0.00" 
-0.69" 

-20.23" 

59°17'01" - tan-I - tan- + 0° { ( 6861.35 - 2865.22 ) 1 ( 2432.55 - 2865.22 ) } 

3727.59 - 27.15 2047.25 - 27.15 

Note that values in the K matrix for angles 
81 and 82 are exactly equal to zero for the 
first iteration because initial coordinates Xuo 
and Yuo were calculated using these two 
angles. 

5. Matrix solutions for residuals and precisions 
by Equation (16-10) with L replaced by K is 
as follows: 

V=AX-K 

4. Matrix solution of Equation (16-7) for ad­
justed coordinates Xu and Yu ' = 15.447 [ 

4.507 
-40.713 [-0.62] 

33.80 1 
ATA = [ 1159.7 

-1820.5 
-1820.5] 

5229.7 ' 

Q = (NA)-I = [0.001901 
0.000662 

ATK= [-509.9] 
534.1 

X = (NA) -\ATK) 

0.000662 ] 
0.000422 

= [0.001901 
0.000662 

0.000662] [ -509.0] 
0.000422 534.1 

= [dXu ] 
dYu 

and 

dXu = - 0.62 ft 

dYu = -0.11 ft 

Xu = Xuo + dXu = 6861.35 - 0.62 = 6860.73 

Yu = Yuo + dYu = 3727.59 - 0.11 = 3727.48 

Note that a second iteration produced negli­
gible-sized values for dXu and dYu' thus, the 
solution converged after one iteration. The 
second iteration is not shown. 

-15.447 
25.732 

40.713 -0.11 
-27.788 

[ 
0.00" 1 

X 0.00" 
-0.69" 

-20.23" 

[-6.5"1 -5.1" 
= +5.8" 

+7.3" 

By Equation (16-11), 

V T V=[-6.5 -5.1 5.8 7.3] 

X [=~:!1 = 155.2 sec 2 

7.3 

So = V VTV 
m - n 

~55.2 
= -- = +8.8" 

4-2 -

By Equation (16-13), 

Sx. = SoVQx•x• = 8.8/0.001901 = ±0.38 ft 

Sy. = SoVQyu Y• = 8.8/0.000422 = ±0.18 ft 



Finally, the standard deviation in the posi­
tion of U, Su, is the square root of the sum 
of the squares of and Sx and Sy or as 
follows: U U 

= ±0.42 ft 

16-12-2. Adjustment of 
Resections 

Resection is a method that may be em­
ployed for locating the unknown horizontal 
position of an occupied theodolite station by 
measuring a minimum of two horizontal an­
gles to a minimum of three stations whose 
horizontal positions are known. If more than 
three stations are available, redundant obser­
vations may be obtained and the position of 
the unknown occupied station can be com­
puted by employing the least-squares proce­
dure. Like intersection, this method is suitable 
for locating an occasional isolated point and is 
especially well-adapted for use over inaccessi­
ble terrain. 

Consider the resection position computa­
tion for the occupied point U of Figure 16-9, 
having observed the three horizontal angles 
shown. Points A, B, C, and D are fixed con­
trol stations. Angles 0\, °2 , and 03 are ob-

y 
A 

B 

u J::--+,':-----.{\.. c 

D 

-r-----------------------.x 

Figure 16-9. Resection example. 
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served from station U, whose position is un­
known. 

Utilizing prototype Equation (16-22), we 
may write a linearized observation equation 
for each angle. These observation equations 
can be expressed in matrix notation as follows: 

Application of the least-squares routine 
yields corrections dXu and dYu ' the most 
probable coordinates Xu and Yu, residuals, 
and the estimated standard deviation of the 
position of point U. 

16-12-3. Adjustment of More 
Complex Triangulation 
Networks 

The basic figure for triangulation is gener­
ally considered to be the quadrilateral, but 
frequently other geometrical figures, such as 
chains of quadrilaterals, central-point figures, 
etc., are used. Regardless of the geometrical 
shape of the triangulated figure, the basic 
least-squares approach is simply an extension 
of principles already discussed, which involves 
writing one observation equation for each 
measured angle in terms of the most probable 
coordinates of the points involved. The follow­
ing example (see Figure 16-10) illustrates the 
adjustment of a quadrilateral. 

y 

R3-------~c 

5 

4---------------------------. X 

Figure 6-10. Quadrilateral of Example 16-8. 
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Example 16-8. Adjust, by least squares, the 
quadrilateral of Figure 16-10, given the fol­
lowing observations and known data: 

Observed angles (assume equal weights): 

1 = 42°35'29.0" , 

2 = 87°35'10.6" , 

3 = 79°54'42.1" , 

4 = 18°28'22.4" , 

Fixed coordinates: 

Xa = 4270.33, 

Ya = 8448.90, 

5 = 21°29'23.9" 

6 = 39°01'35.4" 

7 = 31°20'45.8" 

8 = 39°34'27.9" 

Xd = 7610.58 

Yd = 4568.75 

A computer program has been used to form 
the matrices and solve the problem. Equal 
weights were used. In the program, the 
angles were input in order 1 through 8. 
The X matrix in the solution is 

X= 

The following computer-output listing, 
which is self-explanatory, gives the solution 
for Example 16-8. As shown, one iteration 
was satisfactory to achieve convergence be­
cause for the second iteration, the un­
knowns-corrections to the initial coordi­
nates-are all zeros. Residuals, adjusted co­
ordinates, their standard deviation, and ad­
justed angles are all given at the end of the 
listing. 

Triangulation Example 

Number of Observed Distances » 0 
Number of Observed Angles » 8 
Number of Observed Azimuths »0 
Number of Unknown Stations » 2 
Number of Control Stations » 2 

Station 

A 
D 

Station 

B 
C 

Backsighted 
Station 

B 
C 
C 
D 
D 
A 
A 
B 

0 
0 1 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

- 24.2301 
0.0000 

16.2008 
7.7448 
0.0000 
0.2845 

16.4853 
-16.4853 

Control Stations 

Northing 

8448.900 
4568.750 

Easting 

4270.330 
7610.580 

Initial Approximations of 
Unknown Station Coordinates 

Northing Easting 

16,749.769 5599.549 
16,636.185 14,633.027 

Angle Observations 

Occupied Foresighted 
Station Station Angle 

A C 42°35'29.0" 
A D 87°35'10.6" 
B D 79°54' 42.1" 
B A 18°28'22.4" 
C A 21°29'23.9" 
C B 39°1 '35.4" 
D B 31 °20' 45.8" 
D C 39°34'27.9" 

Weight Matrix 
Dimensions: 8 X 8 

0 0 0 0 0 0 
0 0 0 0 0 0 
1 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 

Iteration No.1 
A Matrix 

Dimensions: 8 X 4 

3.8804 9.6822 -12.2549 
0.0000 -9.6822 12.2549 

-20.1080 0.2845 22.8298 
-6.6023 0.0000 0.0000 

0.0000 -3.0864 -4.8244 
22.8298 -9.9668 -10.5750 
2.7219 0.0000 0.0000 

-2.7219 12.7686 -7.4305 



0.0016 
0.0008 
0.0018 

-0.0003 

KMatrix 
Dimensions: 8 X 1 

4.7351 
-4.7406 

4.3168 
-4.3190 
-7.7651 

4.1671 
-7.8755 

8.5812 

Covariance Matrix (Q.x) 
Dimensions: 4 X 4 

0.0008 
0.0079 
0.0077 
0.0066 

0.0018 
0.0077 
0.0106 
0.0063 

-0.0003 
0.0066 
0.0063 
0.0073 

Unknowns (X) 
Dimensions: 4 X 1 

Residuals (V) 
Dimensions: 8 X 1 

- 0.1909 
0.6449 
0.8542 
0.6987 

- 24.2285 
0.0000 

Iteration No.2 
A Matrix 

Dimensions: 8 X 4 

-2.1010 
-5.0324 

4.1834 
1.4172 

-1.7582 
5.4004 

-6.4839 
1.4744 

3.8793 9.6815 -12.2538 
0.0000 -9.6815 12.2538 

16.2000 -20.1054 0.2843 22.8272 
7.7441 
0.0000 
0.2843 

16.4844 
-16.4844 

-6.6012 0.0000 
0.0000 -3.0860 

22.8272 -9.9658 
2.7218 0.0000 

-2.7218 12.7675 

KMatrix 
Dimensions: 8 X I 

- 2.0977 
-5.0381 

4.1798 
1.4184 

-1.7575 
5.3996 

-6.4825 
1.4781 

0.0000 
-4.8235 

-10.5734 
0.0000 

-7.4303 
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Covariance Matrix (Q.) 
Dimensions: 4 X 4 

0.0016 
0.0008 
0.0018 

-0.0003 

0.0008 
0.0079 
0.0077 
0.0066 

0.0018 
0.0077 
0.0106 
0.0063 

-0.0003 
0.0066 
0.0063 
0.0073 

Unknowns (X) 
Dimensions: 4 X I 

Residuals (V) 
Dimensions: 8 X 1 

0.0001 
-0.0001 

0.0002 
-0.0003 

- 2.1010 
-5.0324 

4.1834 
1.4172 

-1.7581 
5.4004 

-6.4838 
1.4744 

STANDARD ERROR OF UNIT WEIGHT = 5.606 

Standard Deviations 

SXB = ±0.226 
SYB = ±0.498 
SXC = ±0.577 
SYC = ±0.478 

Adjusted Angles 

Backsighted Occupied Foresighted 
Station Station Station Angle 

B A C 42°35'31.1" 
c A D 87°35'15.6" 
C B D 79°54'37.9" 
D B A 18°28'21.0" 
D C A 21°29'25.7" 
A C B 39°01'30.0" 
A D B 31°20'52.3" 
B D C 39°34'26.4" 

16-13. TRAVERSE ADJUSTMENT 

Of the many methods for traverse adjustment, 
the characteristic that distinguishes traverse 
adjustment by least squares from approximate 



408 Survey Measurement Adjustments by Least Squares 

methods is that distance and direction obser­
vations are acljusted simultaneously in the 
least-squares approach. The result is an adjust­
ment in which all geometrical conditions are 
satisfied; but more important, the values of the 
adjusted quantities are more probable with 
least-squares adjustment than with any othe;: 
method because the sum of the weights times 
their corresponding squared residuals is mini­
mized. In addition, least squares enables the 
assignment of relative weights to the observa­
tions based on their expected relative reliabili­
ties. 

In this section, least-squares traverse adjust­
ment by the method of observation equations 
is presented in which an observation equation 
is written for each measured distance and an­
gle. The basic observation equations for dis­
tance and angle measurements are Equations 
(16-18) and (16-22), respectively. 

The apparent inconsistency arising from the 
fact that distance and angle observations with 
differing units are combined into one adjust­
ment is resolved through the use of appropri­
ate weights. In this procedure, a relative weight 
is assigned to each observation in accordance 
with the inverse of its variance (square of stan­
dard deviation). Based on variances, relative 
weights of distance and angle observations are 
given by 

adjustment. The fundamental condition that is 
enforced in least-squares adjustment is the 
minimization of the pv 2 terms. Thus, it follows 
that if observations are weighted in accor­
dance with the inverse of variance and the 
same units are used for the residual and stan­
dard deviation, the pv2 terms will all be di­
mensionless and, therefore, compatible for si­
multaneous adjustment. The procedure is 
demonstrated in the example problem given 
in this section. 

For an n-sided closed traverse, there are n 
distances and n + 1 angles, if we consider one 
angle for orientation. In Figures 16-11a and b, 
e.g., each closed traverse has four sides, with 
four distances, and five angles measured. Each 
new traverse station introduces two unknowns, 
their X- and V-coordinates; thus, 2(n - 1) un­
knowns exist for any completely surveyed 
closed traverse. Therefore, for such a traverse, 
regardless of its number of sides, the number 
of redundant equations r (number of observa­
tions minus number of unknowns) is equal to 
(2n + 1) - 2(n - 1) = 3. Specifically, for the 
example traverses of Figure 16-11, r = (2( 4) + 
1} - 2(4 - 1) = 3. 

Example 16-9. Adjust by least squares the sim­
ple traverse shown in Figure 16-12 from 

1 
Distance: PL . = --2 (16-24) AZ MK B 

;) (S) 
Lij 

(16-25) 

In Equations (16-24) and (16-25), PL and 
'I 

Po are weights, respectively, for distance and 
I,k d S h . angle observations, and S L an 0 are t elr 

I) )''' 

respective standard deviations. Since standard 
deviations are generally not available before 
adjustment, they are usually estimated and re­
ferred to as a priori values. They are impor­
tant because they significantly influence the 

Legenci. 

Contl"Ol StatlOll b. 

E Meas ...... d dlstanc ........... 

AZ MK 

A 

Figure 16-11. Closed traverse examples. 



y 

x = 1000.00 
Y = 1000.00 
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x = 1223.00 
Y = 1186.50 

D 
X = 1400.00 
Y = 1186.50 

x = 1000.00 
~ _______ E __ Y~=~8=00=.0=0 ____________________ ~X 

!IE See figure 16-11 for SYMbol key. 

Figure 16-12. Traverse of Example 16-9. 

the following measured survey data (coordi­
nates of the control points are shown in the 
figure): 

Observations 

AB = 200.00 
Be = 100.00 

01 = 240°00' 
02 = 150°00' 
03 = 240°01' 

A priori 
Standard Deviations 

±0.05 ft 
±0.08 ft 

±30 sec 
±30 sec 
±30 sec 

1. Calculate initial approximate coordinates for 
station B. 

Xb• = 1000.00 + 200.00 sin 60° = 1173.20 

Yb• = 1000.00 + 200.00 cos 60° = 1100.00 

2. Formulate the X and K matrices. 

kL •• 

kL" 

K = ko] 

ko• 

k/J3 

[ 

200.00 - 200.00 ft j [ 0.00 j 
100.00 - 99.81 ft 0.19 

K = 120°00'00" - 120°00'00" = 0" 
150°00'00" - 149°55'51" 249" 
119°59'00" - 119°55'48" 192" 

The values in the K matrix are derived by 
subtracting computed quantities, based on 
ititial coordinates, from their respective ob­
served quantities. 

3. Calculate the A matrix. The A matrix is 
formed using prototype Equation (16-18) for 
the distances and Equation (16-22) for the 
angles. Note that angle coefficients are mul­
tiplied by p(206'264.8"/rad) to convert to 
seconds and be compatible with the values 
given in the K matrix. 
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A= 

( 
1173.20 - 1000.00) 

200.00 

( 
1173.20 - 1223.00) 

100.00 

( 
1000.00 - 1100.00) 

200.00 2 P 

( 
1000.00 - 1100.00 _ 1186.50 - 1100.00) 

200.00 2 100.002 P 

( 
1100.00 - 1186.50) 

100.002 p 

[ 

0.866 
-0.498 

A = -515.7 
-2299.8 
-1784.2 

4. Formulate the P matrix. Based on the given 
a priori standard deviations and if we use 
Equations (16-24) and (16-25), the P matrix 
is 

zeros 

1 

0.08 2 

1 
P= 

302 

1 

302 

1 
zeros 

302 

rem' 1 156.2 
0.0011 

0.0011 
0.0011 

= [400.00 

zeros 

5. Solving Equation (16-9) using these matrices 
yields the foIlowing values for the correc­
tions to the initial coordinates (a second 
iteration, not shown, produced zeros for dXb 

and dYb): 

dXb = - 0.11 ft 

dYb = - 0.01 ft 

( 
1100.00 - 1000.00) 

200.00 

( 
1100.00 - 1186.50) 

100.00 

( 
1173.20 - 1000.00) 

200.00 2 P 

( 
1173.20 - 1000.00 _ 1173.20 - 1223.00 ) 

200.00 2 100.002 P 

( 
1223.00 - 1173.20) 

100.002 p 

0.500] -0.865 
893.1 

1920.3 
1027.2 

The residuals, computed by Equation (16-10), 
are 

Vab = - 0.10 ft 

Vb, = - 0.12 ft 

V 9• = - 17.4 sec 

V9, = - 6.4 sec 

By Equations (16-10, (16-12), and (16-13), 
the standard deviation of unit weight and 
standard deviations of the adjusted coordi­
nates are 

So = ±1.74 

Sx, = ±0.04 ft 

Sr, = ± 0.05 ft 

6. The adjusted coordinates are 

Xb = 1173.20 - 0.11 = 1173.09 

Yb = 1100.00 - 0,01 = 1099.99 



7. Finally, the adjusted observations obtained 
by adding their residuals are 

AB = 200.00 - 0.10 = 199.90 

Be = 100.00 - 0.12 = 99.88 

OJ = 360° - (120°00'49") = 239°59'13" 

O2 = 150°00'00" - 0°00'17" = 149*59'43" 

16-14. CORRELATION AND THE 
STANDARD ERROR ELLIPSE 

As given in Section 16-6, Equation (16-13) can 
be used to determine the standard deviations 
in a station's adjusted coordinates. These un­
certainities are a reflection of the geometry of 
the problem and inexactness of the measure­
ments used to determine the station's position. 
Standard deviations computed by Equation 
(16-13) are parallel to the X-V adjustment axis. 
However, the station's largest positional un­
certainties will not generally be aligned with 
these axes. For example, consider the uncer­
tainties in the position of station U shown in 
Figure 16-13. Obviously, the uncertainties in 
this station's position due to the distance inex­
actness will not be aligned with the X- and 
Y-coordinate system, but rather they will vary 

y u 

-+-=-----------~x 

Figure 16-13. Uncertainty in station coordinates due to 
distance uncertainty. 
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along the direction of the line itself. For any 
horizontal adjustment problem, there is a cor­
relation between the station's coordinate un­
certainties. This correlation can be deter­
mined from elements of the covariance matrix 
by the equation 

(16-26) 

where r xy is the correlation coefficient be­
tween two unknown parameters; 'lx y the off­
diagonal element in the xth row and yth 
column; 'lxx the diagonal element in the xth 
row and column; and Qyy the diagonal ele­
ment in the y th row and column. It should be 
noted that rxy is always between zero and l. 
When rxy equals 1, a change in one of the 
unknowns directly influences the value of the 
other unknown. Zero indicates no correlation 
between the two unknowns, and thus changes 
in one unknown would not affect the other 
unknown. With Equation (16-26), the x and y 
coordinates of station C in Example 16-8 have 
a correlation coefficient of 

0.0063 
-===-:== = 0.716 
/0.0106/0.0073 

From the standard deviations of a station's 
coordinates, the standard errar rectangle can be 
drawn as shown in Figure 16-14. This rectan­
gle has half-dimensions of Sx and Sy and en­
closes the so-called standard errar ellipse. The 
semimajor and semiminor axes of this ellipse 
(the U-V axis) exist in the directions of the 
largest and smallest uncertainties of the point, 
respectively. The proper amount of angular 
rotation required to produce these axes is 
given by t in the equation 

(16-27) 
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y 

> 

FJgUre 16-14. The standard error rectangle and ellipse. 

where t is the rotation angle from the Y-axis to 
the semiminor axis of the ellipse, the V-axis. 
Note that 2t must be located in its appropriate 
quadrant according to the signs Of. Q.y .and 
(Q - Q..) using the sign conventIon gIven 

n c· d . d in Table 16-2 bel-ore t IS etermme . 
As noted previously, in this rotated system, 

the maximum positional uncertainty occurs 
along the rotated U-axis, and the minimum 
along the V-axis. The covariance matrix ele­
ments for the point rotated into these axes are 

Quu = Q.,,, sin2 t + 2Q." cos t sin t 

+ Q 2t (16-28) "cos 

Clvv = Q.,,, cos2t - 2Q." sin t cos t 

+ Q,., sin2 t (16-29) 

From these Q..u and ~v elements, the re­
sulting uncertainties in the U- and V-axis sys­
tem are 

Su = SoVQuu 

Sv = SoVQvv 

(16-30) 

(16-31) 

where S is the maximum positional uncer­
tainty 0/ the station-at a confidence level of 
39.4%- and Sv the axis perpendicular to the 
U-axis. 

Equations (16-30) and (16-31) produce the 
semimajor and semiminor axes, for the stan-

Table 16-2. Sign conventions to determine the proper 
quadrantof2t 

Sign Q,." Sign (Q" - Cl.:.) Quadrant 

+ + 1 (0-90%) 
+ II (90-180°) 

III (180-270°) 

+ IV (270-360°) 

dam error ellipse. This ellipse can be modified to 
produce an error ellipse at any confidence 
level, or percent probability. The magnifica­
tion factor is derived from F-statistics. These 
modifiers allow changing the standard error 
ellipse to an ellipse of any probability level. 
They give ratios of variances for varying de­
grees of freedom, for as the degrees of free­
dom increase, precision also can be expected 
to increase. The l(2,degrees of freedom, a) statistics 
are shown in Table 16-3. It can be seen that 
for small degrees of freedom the F-statistics' 
modifier rapidly decreases and stabilizes for 
larger degrees of freedom. The confidence 
level of the error ellipse may be increased to 
any confidence level by the multiplier c = 
,J2F .. The resulting new uncertainties are statistic· 

SU'1f, = Suc = SuV2F.tatistic 

SV'1f, = Sv c = SvV2F,tatistic 

(16-32) 

Table 1~. F2, degree oHreedom, a statistics for selected 
certainty levels 

Degrees 
of freedom 90% 95% 99% 

3 5.46 9.55 30.82 
4 4.32 6.94 18.00 
5 3.78 5.79 13.27 
6 3.46 5.14 10.92 
7 3.26 4.74 9.55 
8 3.11 4.46 8.65 
9 3.01 4.26 8.02 

10 2.92 4.10 7.56 
15 2.70 3.68 6.36 
20 2.59 3.49 5.85 
25 2.53 3.39 5.57 
30 2.49 3.32 5.39 
60 2.39 3.15 4.98 



Example 16-10. Compute the standard and 
95% error ellipses for the station C of Ex­
ample 16-8. 

l. Recall from Example 16-8 that So = 5.626 
with four degrees of freedom. Recall also 
that station C's covariance matrix elements 
were 

Q"yj [0.0106 
Qyy = 0.0063 

0.0063 ] 
0.0073 

2. From Equation (16-27), two times the rota­
tion angle t is 

2t = tan- 1 = -75°20' [ 
2(0.0063) ] 

0.0073 - 0.0106 

Since 2t is negative with a positive numera­
tor and negative denominator, it lies in 
quadrant II. Therefore, 180° must be added 
to 2t to obtain the proper value for t. Thus, 
t = ~(180° - 75°20') = 52°20'. 

3. From Equations (16-28) and (16-29), the sta­
tion's rotated covariance matrix elements are 

Quu = 0.0106 sin2 (t) 

+ 2(0.0063) cos(t) sin(t) 

+ 0.0073 cos2 (t) =0.015 

Qvv = 0.0106cos2(1) 

- 2(0.0063) sin(t) cosU) 

+ 0.0073sin2(t)=0.002 

4. From Equations (16-30) and (16-31), the 
semim<tior and semiminor axes for the stan­
dard error ellipse are 

Su = SoVQuu = 5.606VO.015 = ±0.70 ft 

Sv = SoVQvv = 5.606VO.002 = ±0.29 ft 

Survey Measurement Adjustments by Least Squares 413 

5. If we use Equations (16-32) and Table 16-3, 
at a 95% level of confidence, the semimajor 
and semiminor axes are 

Su = ±0.70/2 X 6.94 = ±2.59 ft 
95% 

SV95% = ± 0.2912 X 6.94 = ± 1.08 ft 

16-15. SUMMARY 

In this chapter, only a brief treatment of the 
subject of survey adjustments by least squares 
was presented, and emphasis has been placed 
on methods of adjusting the most commonly 
employed types of traditional ground surveys. 
These include level nets, trilateration, triangu­
lation, and traverses. Example problems of 
each were given to clarify computational pro­
cedures. Many other more advanced topics in 
least squares are useful and important, but 
space limitations do not allow their discussion 
here. References cited pursue the subject in 
greater depth and should be consulted by 
those interested in further study. 
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17 -1. INTRODUCTION 

Surveying has been defined as the science of 
determining positions of points on the earth's 
surface. The four components of surveying 
measurements are: (1) vertical (elevations), (2) 
horizontal (distances), (3) relative direction 
(angles), and (4) absolute direction (azimuths). 
Due to recent developments in technology, 
the accuracy and efficiency of measuring these 
first three components have increased dramat­
ically. This has resulted in accurate determina­
tion of the size and shape of figures. Unfortu­
nately, determination of the orientation of 
figures, the fourth component, has not kept 
pace, even though inexpensive technology and 
equipment exist, such as precise timepieces, 
portable time signal receivers, ephemerides, 
programmable calculators, and computers. 
The purpose of this chapter is to provide 
sufficient theory, calculations, and field proce­
dures so surveys in both the northern and 
southern hemispheres can be accurately ori­
ented without significant increases in time and 
expense, in both the northern and southern 
hemispheres. 
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17-2. CELESTIAL SPHERE AND 
DEFINITIONS 

To better visualize positions and movements of 
the sun, stars, and celestial coordinate circles, 
they are projected onto a sphere of infinite 
radius surrounding the earth. This sphere 
conforms to all the various motions of the 
earth as the earth rotates on its axis and re­
volves around the sun. Figure 17-1 illustrates 
the celestial sphere and principal circles nec­
essary to understand celestial observations and 
calculations. Definitions of important points 
and circles on the sphere follow: 

Great circle. A circle described on the sphere's 
surface by a plane that includes the sphere's 
center. 

Zenith (Zn). The point directly overhead or 
where an observer's vertical line pierces the 
celestial sphere. Opposite zenith is the nadir. 

Equator. A great circle on the celestial sphere 
defined by a plane that is perpendicular to 
the poles. 

Horizon. A great circle on the celestial sphere 
defined by a plane that is perpendicular to 
an observer's vertical. 



Figure 17-1. Celestial sphere. 

Hour circle. A great circle that includes the 
poles of the celestial sphere. It is analogous 
to a line of longitude and perpendicular to 
the equator. 

Vertical circle. A great circle that includes the 
zenith and nadir. It is perpendicular to the 
horizon. 

Meridian. The hour circle that includes an 
observer's zenith. it represents north-south 
at an observer's location. 

Altitude (h). The angle measured from the 
horizon upward along a vertical circle. It is 
the vertical angle to a celestial body. 

Declination un The angular distance mea­
sured along an hour circle north (positive) 
or south (negative) from the equator to a 
celestial body. It is analogous to latitude. 

Prime meridian. Reference line (zero degrees 
longitude) from which longitude is mea­
sured. It passes through the Royal Naval 
Observatory in Greenwich, England; hence, 
it is also known as Greenwich meridian. 

Longitude (A). Angle measured at the pole, east 
or west from the prime meridian. Varies 
from zero degrees to 1800 E and 180OW. 
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Latitude (c/J). Angle measured along a merid­
ian north (positive) and south (negative) 
from the equator. It varies from zero to 90°. 

Greenwich hour angle (GHA). Angle at the pole 
measured westward from the prime 
(Greenwich) meridian to the hour circle 
through a celestial body. It is measured in a 
plane parallel to the equator and varies from 
zero to 360°. The GHA of a celestial body is 
always increasing-moving westward-with 
time. 

Local hour angle (LHA). Angle at the pole 
measured westward from an observer's 
meridian to the hour circle through a celes­
tial body. It differs from GHA by the ob­
server's longitude. 

Meridian angle (t). Equivalent to LHA, except 
it is measured either eastward or westward 
and is always less than 180°. 

Astronomical triangle (PZS triangle) Spherical 
triangle formed by the three points: (1) ce­
lestial pole P, (2) observer's zenith Zn, and 
(3) celestial body S. 

Polar distance (PS or p). Angular distance from 
the celestial pole P to a celestial body S. 
Known as codeclination: p = 90° - 5. 

Zenith distance (ZS or z). Angular distance along 
a vertical circle from an observer's zenith 
Zn to a celestial body S. Known as coalti­
tude: z = 90° - h. 

Slide PZ. Angular distance from the pole P to 
an observer's zenith Zn. Known as coalti­
tude: PZ = 90° - cp. 

Angle Z. Angle measured at the zenith Zn, in a 
plane parallel with the observer's horizon, 
from the pole to a celestial body. Angle Z is 
denoted as AZ if it is measured as an az­
imuth, clockwise from zero to 360°. 

Angle S. Angle at a celestial body between the 
pole P and observer's zenith Zn. Known as 
the parallactic angle. 

Astronomical refraction. As light from a celestial 
body penetrates the earth's atmosphere, di­
rection of the light ray is bent. Astronomical 
refraction is the angular difference between 
the direction of a light ray when it enters 
the atmosphere and its direction at the point 
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of observation. Refraction causes celestial 
objects to appear higher than they actually 
are. Refraction corrections are required in 
some observation methods (altitude 
method). 

Parallax. Apparent displacement of a point 
with respect to the reference system, caused 
by a shift in observation location. Celestial 
observations are considered to be made at 
the earth's center instead of on the earth's 
surface (a distance of approximately 3963 
mi, or 6378 kn). Parallax corrections are 
required in some sun observation methods 
(altitude method). 

Mean solar time. Uniform time based on a 
mean or fictional sun position. The mean 
sun is a point that moves at a uniform rate 
around the earth, making one revolution in 
exactly 24 hr. 

Apparent sun time. Nonuniform time based on 
the apparent sun's position. Because the 
earth's orbit is eccentric and inclined to the 
equator, the apparent sun does not ,cross 
the observer's meridian exactly every 24 hr 
throughout the year. 

Equation of time. Difference between apparent 
time and mean time. 

Coordinated universal time (UTC). Uniform time 
based on mean-time at Greenwich. Since 
the earth's rotation is gradually slowing, ap­
proximately one leap second is added per 
year. UTC is broadcast by radio station 
WWV. 

UT I time. Mean universal time at the prime 
meridian obtained directly from the stars. It 
contains all the irregular motions of the 
earth and is corrected for polar wandering. 
UTI is the time required for celestial obser­
vations. 

DUT correction. Difference between UTI time 
and UTC time. 

17-3. AZIMUTH OF A LINE 

Azimuth is defined as an angle measured 
clockwise from a reference meridian (north-

south direction) to a line. Several types of 
meridians exist: astronomic, geodetic, grid, 
magnetic, record, and assumed. For field 
measurements, the most convenient, accurate, 
and retraceable reference is astronomic north. 
Once obtained, astronomic north can be con­
verted to geodetic and grid north. Astronomic 
north is based on the direction of gravity 
(vertical) and axis of rotation of the earth. 
Geodetic north is based on a mathematical 
approximation of the earth's shape. The dif­
ference between astronomic and geodetic 
north is the LaPlace correction. 

The term true north has frequently been 
used to indicate either astronomic or geodetic 
north. In central and eastern portions of the 
United States, LaPlace corrections tend to be 
small. Corrections in western states, however, 
may approach 20 arc-sec. Given present 
angle-measuring accuracies, LaPlace correc­
tions may be significant, and use of the term 
true north should be discontinued. A direc­
tion determined from celestial observation!! 
results in an astronomic north reference 
meridian. 

The azimuth of a line can be determined by 
measuring an angle from the line to a refer­
ence of known azimuth and computed from 
the following equation (see Figure 17-2). 

AZL = AZ - angrt (I 7-1) 

This is a general equation. If AZL computes 
to be negative, 3600 is added to normalize the 
azimuth. 

For astronomic observations, a celestial body 
becomes the reference direction. If we know 
geographic location (latitude and longitude), 
ephemeris data, and either time or altitude, 
the azimuth of a celestial body can be com­
puted. If time is used, the procedure is known 
as the hour-angle method. Likewise, if altitude is 
measured, the procedure is termed the altitude 
method. The basic difference between them is 
that the altitude method requires approximate 



Figure 17-2. Azimuth/angle relationships. 

time and an accurate vertical angle corrected 
for parallax and refraction, whereas the hour­
angle method requires accurate time and no 
vertical angle. 

In the past, the altitude method has been 
more popular for sun observations primarily 
due to the difficulty of obtaining and main­
taining accurate time in the field (time accu­
racy requirements of the hour-angle method 
for the sun are greater than for Polaris). Re­
cent developments of time receivers and accu­
rate timepieces, particularly digital watches 
with split-time features, and time modules for 
calculators have eliminated this obstacle. The 
hour-angle method is more accurate, faster, 
requires shorter training for proficiency, has 
fewer restrictions on time of day and geo­
graphic location, is more versatile, and is 
applicable to the sun, Polaris, and other 
stars. Consequently, the hour-angle method 
is emphasized, and its use by surveyors is 
encouraged. 
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17 -4. AZIMUTH OF A CELESTIAL 
BODY BY THE HOUR-ANGLE 
METHOD 

Applying the law of sines to the PZS triangle 
shown in Figure 17-1, we obtain 

sin(90° - h) 

sinLHA 

sin(90° - 5) 

sin Z 

sin(90° - h)sin Z = sin(90° - 5)sinLHA 

cos h sin Z = cos 8 sin LHA (17-2) 

From the five-part formula for spherical 
triangles, 

sin (90° - h)cos Z = sin(90° - 4>)cos(90° - 8) 

- cos(90° - 4» 

xsin(90° - 8)cosLHA 07-3) 

cos h cos Z = cos 4> sin 8 

- sin 4> cos 5 cos LHA 

Dividing Equation 07-2) by 07-3) yields 

cos h sin Z sin LHA cos 8 

cos h cos Z cos 4> sin 8 - sin 4> cos 8 cos LHA 

Then 

sinLHA 
tan Z = 07-4) 

cos 4> tan 5 - sin 4> cos LHA 

Since 

Z = 360° - AZ and tan(360° - AZ) = - tanAZ 

then 

or 

-sinLHA 
tan AZ = ---------­

cos 4> tan 8 - sin 4> cos LHA 

-sinLHA 

07-5) 

AZ = tan -\ ---------­
cos 4> tan 8 - sin 4> cos LHA 

Solving Equation 07-5) using the arctangent 
function on a typical calculator will result in a 
value between - 90° and + 90° and must be 



418 Field Astronomy fur Azimuth Determinations 

Table 17·)' Correction to normalize azimuth 

Correction 

When IfAZ Is If AZ Is 
LHAIs Positive Negative 

0-1800 1800 3600 

180-3600 00 1800 

normalized to between 0 and 360° by adding 
algebraically a correction from Table 17-1. 

Rather than arctangent function, if the cal­
culator has rectangular to polar conversion 
(R -+ P), AZ can be directly computed with­
out referring to Table 17-1. If we use an HP 
calculator, e.g., the numerator and denomina­
tor are reduced, placing the numerator value 
in the Y register and denominator number in 
the X register (display). Executing R -+ P will 
yield AZ (decimal degrees) in the Y register. 
Pressing the XY interchange key (X <> y) dis­
plays the azimuth. For most calculators, azi­
muths between 180° and 3600 are displayed as 
minus values. Consequently, for a negative re­
sult simply add 360°. If the observation has 
been made in the southern hemisphere, the 
sign of <I> should be negative. In this case, the 
azimuth is still measured clockwise from north. 

Rotation of the celestial sphere increases 
the local hour angle (LHA) of a celestial body 
by approximately 15° per hour. (The average 
sun increases by exactly 15° per hour). There­
fore, to calculate the LHA at the instant of 
observation, accurate time is required. In the 
United States, coordinated universal time 
(UTC) is broadcast by the National Bureau of 
Standards radio station WWV (WWVH in 
Hawaii) on 2.5, 5, 10, 15, and 20 MHz. Inex­
pensive receivers pre tuned to WWV are avail­
able. Also, the signal can be received by call­
ing (303) 499-7111. Calling 1-900-410-TIME 
gives accurate time, but does not provide DUT 
corrections. In Canada, Eastern standard time 
(EST) is broadcast on radio station CHU (3.33, 
7.335, and 14.67 MHz). This can be converted 
to UTC by adding 5 hr to EST. GPS receivers 
are another source of precise time. 

Time based on the actual rotation of the 
earth (UTI) is obtained by adding a correction 

(DUT) to coordinated universal time (UTI = 

UTC + DUT). DUT is obtained from WWV 
(WWVH and CHU) by counting the number 
of double ticks following any minute tone. 
These double ticks are not obvious and must 
be carefully listened for. Each double tick rep­
resents one-tenth of a second and is positive 
for the first 7 sec (ticks). Beginning with the 
ninth second,~ each double tick is a negative 
correction. The total correction, either posi­
tive or negative, will not exceed 0.7 sec. Al­
though this DUT correction is very small, it is 
easy to apply and increases azimuth accuracy. 

A stopwatch with a split (or lap) time fea­
ture is excellent for obtaining times of point­
ings. The stopwatch is set by starting on a 
WWV minute tone and then checked I min 
later with a split time. If a significant differ­
ence is observed, restart the stopwatch or ap­
ply this difference as a correction. Split times 
are taken for each pointing on the celestial 
body and added to the beginning UTI time 
(beginning UTC corrected for DUT). 

A calculator with a time module, such as 
the HP-4ICX or HP48SX, is ideal for obtain­
ing times. The module can be accurately set to 
the UTC, and the DUT applied using the 
T + X function. UTI will now be displayed by 
the calculator. Time (UTI) of each pointing 
on the celestial body can be stored and then 
recalled for subsequent calculations. To en­
sure that the timepiece has not gained or lost 
a significant amount of time, it should be 
rechecked with WWV after the observations. 
The key to accurate azimuths by the hour­
angle method is obtaining accurate time. Sur­
veyors should develop skilled techniques for 
synchronizing starting time and obtaining split 
times on the celestial body. 

To utilize ephemeris tables, the Greenwich 
date as well as the time of observation must be 
known. For observations in the western hemi­
sphere, if UTI is greater than local time, the 
Greenwich date is the same as the local date. 
If UTI is less than local time, the Greenwich 
date is the local date plus 1 day. For the 
eastern hemisphere, if UTI is less than local 
time (24-hr basis), Greenwich date is the same 



as the local date. If UTI is greater than local 
time, the Greenwich date is the local date 
minus I day. 

Both the observer's latitude and longitude 
are required for the hour-angle method. Usu­
ally, these values are readily obtained by scal­
ing from a map such as a USGS 7.5-min quad­
rangle sheet. In general, to achieve equivalent 
azimuth accuracies, latitude and longitude 
must be more accurately determined for ob­
servations on celestial bodies close to the 
equator-e.g., the sun-than for bodies near 
the pole-e.g., Polaris. 

Declination of celestial bodies-the sun, 
Polaris, and selected stars-is tabulated in most 
ephemeris tables for 0 hr UTI of each day 
(Greenwich date). Linear interpolation for de­
clination at the UTI time of observation can 
be performed using the following equation: 

DecI = decI Oh + (decI 24h 

-decIOh)( ~:l ) 07-6) 

where decl Oh is the declination at 0 hr for the 
Greenwich date of observation, and decl 24h 
the declination at 0 hr for the next Greenwich 
day. 

Linear interpolation of a nonlinear func­
tion results in an error. Except for the sun's 
declination, this error is insignificant. On sun 
observations, the contribution to total error in 
azimuth depends on numerous factors and 
usually is negligible. It can be eliminated, how­
ever, by using three-point interpolation or the 
special two-point nonlinear interpolation 
equation as follows: 

DecI = decI 0 h 

+(decI24h - DecIOh)( U2:l ) 
+ (O.0000395)(decI Oh)sin(7.5 UTI) 

07.7) 

where declination is expressed in decimal de­
grees. 

This equation is unique for the sun's decli­
nation. It should not be used for the declina-
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tion of Polaris or any other star. A negative 
declination indicates that the celestial body is 
south of the equator and must be a negative 
value in Equations (17-5), (17-6), and (17-7). 

The LHA at UTI time of observation is 
necessary to compute the azimuth of a celes­
tial body. It is defined as an angle measured 
westward at the north celestial pole, from the 
observer's meridian, to the celestial body's 
hour circle. hence, as can be seen from Figure 
17-3, an equation for the LHA is 

LHA = GHA - WA (west longitude) 07-8) 

or 

LHA = GHA + EA (east longitude) 07-9) 

LHA should be normalized to between 0° and 
3600 by adding or subtracting 360°, if neces­
sary. 

Greenwich hour angle (GHA) of celestial 
bodies-the sun, Polaris, and selected stars-is 

Figure 17-3. Relationship between LHA, GHA, and lon­
gitude as viewed from top of celestial sphere. 
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tabulated in some ephemeris tables for 0 hr 
UTI time of each day (Greenwich date). Inter­
polation for GHA at the time of observation is 
required. Due to the earth's rotation, the GHA 
increases by approximately 3600 during a 24-hr 
period, rather than changing by a degree or 
less as the ephemeris tables appear to indicate. 
Consequently, interpolation for GHA at UTI 
time of observation can be performed using 
the following equation: 

HGA = GHAO h + (GHA24h - GHAO h + 360°) 

X ( U2T41 ) 07-10) 

where GHA Oh = GHA at 0 hr for the Green­
wich date of observation, and GHA 24 h = GHA 
at 0 hr for the next day. 

Except for the sun, once each year the 
tabulated GHA will increase past 3600 from 
one day to the next. For observations on this 
one day only, 7200 rather than 3600 should be 
used in Equation (17-10). 

Rather than listing the sun's GHA, some 
ephemeris tables provide the equation of time 
E. E is usually defined as apparent time minus 
mean time and can be converted to GHA 
using the following equation: 

HGA = 180° + 15£ 07-11) 

where E is in decimal hours. 
In those cases where E is listed as mean 

time minus apparent time, the algebraic sign 
of E should be reversed. 

17 -5. AZIMUTH OF A CELESTIAL 
BODY BY THE ALTITUDE 
METHOD 

Applying the law of cosines to the PZS triangle 
in Figure 17-1 results in the following: 

cos( 90° - 8) = cos( 90° - h )cos( 90° - cjJ) 

+ sin(90° - h) 

X sin(90° - cjJ)cos Z 

sin 8 - sin h sin cjJ 
cos Z = ------..:.... 

cos h cos cjJ 

Since Z = 360° - AZ and cos(360° - AZ) = 

cos AZ, then 

sin 8 - sin h sin cjJ 
cos AZ = ------­

cos h cos cjJ 
or 

sin 8 - sin h sin cjJ 
AZ = cos-I (17-12) 

cos h cos cjJ 

Solving Equation (I 7-12) using the arc­
cosine function on a typical calculator will 
result in a value between 0 and 180° and must 
be normalized to between 0 and 360°. A celes­
tial body will be at equal altitudes with 
approximately equal angles from the meridian 
twice during a 12-hr period. Consequently, if 
the celestial body is east of the meridian 
(morning observation on the sun), AZ found 
from Equation (I7-12) is the correct azimuth. 
If the body is west of the meridian (afternoon 
observation on the sun), AZ must be sub­
tracted from 3600 to obtain the correct az­
imuth. Normalizing the azimuth for celestial 
bodies other than the sun may be difficult or 
confusing. 

Latitude is normally scaled from a topo­
graphic map as for the hour-angle method. 
Due to inaccuracies resulting from errors asso­
ciated with altitude, declination at the precise 
time of observation is not so critical as in the 
hour-angle method. For sun observations, the 
zone time announced on radio or television 
corrected to Greenwich is sufficient when in­
terpolating to obtain declination. For other 
celestial bodies, using declination at 0 hr with­
out interpolating is usually sufficient. 

Altitude h is a theoretical angle measured 
at the earth's center and assumes that light 
from a celestial body passes straight through 
the atmosphere (see Figure 17-4). It is nor­
mally determined by measuring a vertical 
angle near the earth's surface and correcting 
for parallax and refraction. In general, the 
earth's radius is insignificant compared with 
distances to celestial bodies, and parallax is 
considered to be zero. For the sun, however, 
parallax is significant and computed using the 



Refraction error 

FJgUre 17-4. (a) Refraction. (b) Parallax. 

following equation: 

Cp = 0.002443 cos V 07-13) 

where Cp is in decimal degrees, and V the 
measured vertical angle. 

Refraction is computed using the following 
equation: 

0.273b 
C = ---.,...--

T (460 + F}tan V 
07-14) 

where CT is in decimal degrees, and 

b = absolute barometric pressure (not corrected 
to sea level) in inches of mercury 

F = temperature in degrees Fahrenheit 

V = measured vertical angle 

If b is unknown, it can be calculated from 
the following: 

92,670 - elevation 
b = inverse log (I 7-15) 

62,737 

where elevation is in feet. 
Refraction corrections are large for celestial 

bodies close to the horizon owing to the 
amount of atmosphere through which the light 
must pass. Since pressure and temperature are 
usually known only at the observation station, 
errors in refraction may become quite large 
and have a significant adverse effect on azi­
muth accuracies. 
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Applying parallax and refraction correc­
tions to the measured vertical angle results in 
the following: 

17-6. 

h = V + Cp - Cr (I 7-16) 

SUN OBSERVATIONS 
(HOUR-ANGLE METHOD) 

Sun observations, as compared with those on 
stars, provide surveyors with a more conve­
nient and economical method of determining 
an accurate astronomic azimuth. A sun obser­
vation can be readily incorporated into a regu­
lar work schedule; requires little additional 
field time; and with reasonable care and 
proper equipment, an accuracy to within 6 
arc-sec can be obtained. In the hour-angle 
method, a horizontal angle from a line to the 
sun is measured. Knowing accurate time of the 
observation and geographic position, we can 
compute the sun's azimuth. This azimuth and 
horizontal angle are combined to yield the 
line's azimuth. 

Horizontal angles from a line to the sun are 
obtained from direct and reverse (face left and 
face right or face I and face II) pointings taken 
on the backsight mark and sun. It is suggested 
that repeating theodolites be used as direc­
tional instruments, with one of two general 
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measuring procedures being followed: (1) a 
single foresight pointing on the sun for each 
pointing on the backsight mark or (2) multiple 
foresight pointings on the sun for each point­
ing on the backsight mark. 

For the single foresight procedure, the 
sighting sequence is (1) direct on mark, (2) 
direct on sun, (3) reverse on sun, and (4) 
reverse on the mark-with times being 
recorded for each sun pointing. The two times 
and four horizontal circle readings constitute 
one data set. An observation consists of one or 
more sets, and a minimum of three sets is 
recommended. This procedure is similar to 
measuring an angle at a traverse station using 
a directional theodolite. 

For the multiple foresight procedure, the 
sighting sequence is (1) direct on mark, (2) 
several direct on the sun, (3) an equal number 
of reverse on sun, and (4) reverse on 
mark-with times being recorded for each 
pointing on the sun. A minimum of 6 point­
ings (3D and 3R) on the sun is recommended. 
The multiple times, multiple horizontal circle 
readings on the sun, and two horizontal circle 
readings on the backsight mark constitute one 
observation. 

In general, which measuring procedure to 
use is a matter of preference. The single fore­
sight procedure is based on an assumption 
that sun pointings are of approximately equal 
precision as backsighting pointings. In turn, 
the multiple foresight procedure is based on 
an assumption that sun pointings are less pre­
cise than backsight pointings. Errors in accu­
rately setting or synchronizing the timepiece 
have the same effect on both methods. The 
single foresight system lends itself to proper 
procedure for incrementing horizontal circle 
and micrometer settings on the backsight. The 
multiple foresight method permits a greater 
number of pointings on the sun in a shorter 
time span. 

Since a large difference usually exists be­
tween vertical angles to the backsight mark 
and sun, it is imperative that an equal number 
of both direct and reverse pointings be taken. 
When reducing data to compute horizontal 

angles, direct readings on the backsight mark 
should always be subtracted from direct fore­
sight readings on the sun and likewise for 
reverse readings. Add 360° if the resulting 
angle is negative. 

Vertical angles to the sun are usually larger 
than those in typical surveying work, thereby 
increasing the importance of accurately level­
ing instruments. For a vertical angle of 5°, a 
leveling error of 10 arc-sec perpendicular to 
the direction pointed will result in smaller 
than a l-arc-sec error in the horizontal circle 
reading. For a vertical angle of 45°, however, 
this error would be 10 arc-sec. Because of this 
and other errors, it is recommended that ob­
servations not be made when the sun's altitude 
is greater than 45°. 

The sun cannot be observed directly 
through the telescope without using either an 
eyepiece or objective lens filter. In lieu of a 
filter, the sun's image and cross hair can be 
projected onto a white surface held approxi­
mately 1 ft behind the eyepiece. Both eyepiece 
and telescope focus must be adjusted to obtain 
a sharp image. Usually, only that portion of 
the cross-hair system situated within the sun's 
image is clearly visible. Observations with a 
filter are more convenient and slightly im­
prove pointing accuracies. For total stations, 
an objective lens filter is mandatory to protect 
EDMI components. For the same reason, a 
telescope-mounted EDMI should be removed 
or covered with a lens cap before making 
observations. 

The sun's image is large in diameter-ap­
proximately 32 min of arc-making accurate 
pointings on the center impractical. In lieu of 
pointing the center, both direct and reverse 
pointings may be taken on only one edge of 
the sun-usually the trailing edge (see Figure 
17-5). The sun's trailing edge is pointed by 
allowing it to move onto the vertical cross hair. 
The leading edge is pointed by moving the 
vertical cross hair forward, until it becomes 
tangent to the sun's image. A correction to the 
sun's center is calculated from semidiameter 
and altitude. It is applied to the measured 
horizontal angle from a backsight mark to the 
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Figure 17-5. Pointing the sun. 

sun's edge. This correction dH is computed 
using Equations 07-17) and (17-18). The 
semidiameter of the sun is tabulated in most 
ephemeris tables. 
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nificant error in azimuth. Also, it does not 
provide a good check on the final azimuth. 
Averaging times and angles reduces the num­
ber of calculations; however, since modern 
calculators and software are readily available, h = sin - 1 (sin cf> sin {j 

+ cos cf> cos (j cos LHA) (17-17) accuracy should not be sacrificed by shortcut­
- ting calculations. 

dH = (sun'ssemidiameter)/cosh (17-18) Errors in determining a line's azimuth can 

When pointing the left edge (left when fac- be divided into two categories: 0) measuring 
ing the sun), dH is added to an angle right. horizontal angles from a line to the sun and 
When pointing the right edge, subtract. The (2) errors in determining the sun's azimuth. 
left edge is always the trailing edge at latitudes Except when pointing on the sun, errors in 
greater than 23.5° N and the leading edge at horizontal angles are similar to any other field 
latitudes greater than 23.so S. An azimuth of angle. The width of a theodolite cross hair is 
the line AZL should be computed for each approximately 2 or 3 arc-sec. With practice, 
pointings on the sun. the sun's edge, particularly the trailing one, 

Mter azimuths of the line have been com- can be pointed to within this width. In many 
puted, they are compared and, if found within 
acceptable limits, averaged. Azimuths com­
puted with telescope direct and telescope re­
versed should be compared independently. 
Systematic instrument errors and use of an 
objective lens filter can cause a significant 
difference between the two. An equal number 
of direct and reverse azimuths should be aver­
aged. 

An alternate calculation procedure aver­
ages times and angles, or points on opposite 
edges of the sun and averages to eliminate 
semidiameter corrections. Due to the sun trav­
eling on an apparent curved path and its 
changing semidiameter correction with alti­
tude, this procedure usually introduces a sig-

instances, pointing the sun may introduce a 
smaller error than pointing the backsight 
mark. 

Total error in the sun's azimuth is a func­
tion of errors in obtaining UTI time, and 
scaling latitude and longitude. The magnitude 
these errors contribute to total error is a func­
tion of the observer's latitude, declination of 
the sun, and time from local noon. The rela­
tionship of these parameters for selected lati­
tudes and declinations is shown in Table 17-2, 
which illustrates the importance of input data 
accuracies at different times of day and year. It 
should be noted that 10 arc-sec of latitude are 
equivalent to approximately 1000 ft (300 m) 
on the earth's surface. Ten arc-sec of longi-
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tude are equivalent to approximately 880 ft 
(270 m) at 30° latitude and 500 ft (150 m) at 
60° latitude. 

As an example, for an early morning obser­
vation (time of 4 hr from local noon), during 
late fall (declination of - 23°), at latitude of 
30° N, assume that UTI time is accurate within 
0.3 sec, and scaling of latitude and longitude 
within 5". From Table 17-2, the error due to 
time is 3", those due to latitude and longitude 
are 1" and 3", respectivel , and the total error 

is smaller than 5" ( 32 + 12 + 32 ). For this 
same example, if the observation was taken 
close to local noon, time and scaling longitude 
would be more critical. 

Since errors in scaling latitude and longi­
tude are constant for all data sets of an obser-

vation, each computed azimuth of the sun 
contains a constant error. Errors in time affect 
azimuth in a similar manner. Consequently, 
increasing the number of data sets does not 
appreciably reduce the sun's azimuth-error. 
The increase can, however, improve horizon­
tal angle accuracy and therefore have a desir­
able effect. 

17-7. EXAMPLE SUN OBSERVATION 
(HOUR-ANGLE METHOD) 

Calculations are shown for the example field 
notes in Figure 17-6. An azimuth is computed 
for each pointing; however, in order to elimi-

Table 17-2. Azimuth errors related to time, latitude, longitude, and declination (Sun) 

Latitude = 30° N 

Data Error 

l' of Time 
10" of Latitude 
10" of Longitude 

Latitude = 30° N 

Data Error 

l' of Time 
10" of Latitude 
10" of Longitude 

Latitude = 60° N 

Data Error 

l' of Time 
10" of Latitude 
10" of Longitude 

Latitude = 60° N 

Data Error 

l' of Time 
10" of Latitude 
10" of Longitude 

1'53" 
0" 

1'15" 

17" 
0" 

12" 

23" 
0" 

15" 

Declination = + 23° 

Time from Local Noon 
2h 6h 

11" 
19" 

7" 

6" 
7" 
4" 

Declination = - 23° 

Time from Local Noon 
2h 4h 

14" 
3" 
9" 

9" 
2" 
6" 

Declination = + 23° 

Time from Local Noon 
2h 4h 

19" 
7" 

13" 

14" 

7" 
10" 

Declination = - 23° 

Time from Local Noon 

Oh 

14" 
0" 
9" 

2h 

13" 
3" 
9" 

For southern latitudes, similar errors are obtained by reversing the sign of the declination. 

6" 
2" 
4" 

7" 
2" 
4" 

12" 
4" 
8" 

1" 
8" 
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Figure 17-6. Example of sun observation field notes. 

nate repetition, detailed calculation for the 
fourth pointing only will be demonstrated. 

Example 17-1. Greenwich date of observation 
is March 5, 1992; latitude is 36°04'00", and 
longitude 94°10'08". From Table 17-3, 

GHAO h = 177°06'30.1 

GHA24h = 177°08'06".3 

Oed Oh = - 6°15'05" .9 

Oed24h= -5°38'56".7 
Semidiameter = 0°16'09" .0 

Fourth pointing (telescope reversed), 

UTI = 15h04m Ol'.8 + 0:12:39.77 

= 15h16m 4s.57 
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OllT:: - .Z SeC. (ZOOVIJUir/t'KSJ 

UTI: /5:04:0/.1' 

1 
a5 O.---,-4----t:. MCS 

From Equation (I 7-1 0), 

GHA = 177°06'30".1 + (177°09'55".0 

= 406.31780° 

= 46.31780° 

From Equation (I 7-8), 

LHA = 46.28788° - 94°10'08" 

= -47.85109° 

= 312.14891° 
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Table 17·3. Ephemeris tables 

MARCH 1992 

UJ 
C 
~ 
." o 
r­
~ 
21 
iii 

UAY 

1511 
, M 

) 1" 

" w 

6 , 
7 SA 
II Sot! 
9 M 

10 TU 

11W 
12 TH 
1) r 
14 SA 
15 SU 

16 M 
17 TU 

'. W 19 TH 
ZO r 

21 SA 
22 SU 
ZJM 
24 TU 
Z5w 

26 TH 
Z7 r 
28 SA 
29 SU 
)0 M 

31 TU 

DAV 

1 W 
Z 1" 
) r 
" SA 
5 S" 

6 M 
7 1" 
e W 
9 1" 

10 r 

lISA 
12 SU 
1) M 
III TU 
15W 

16 TH 
17 r 
18 SA 
19 SU 
ZO M 

21 TU 
ZZW 
23 TM 
.. r 
25 SA 

26 SU 
Z7M 
28 TU 
.. w 
30 TM 

GilA. ISUN) 

o .. 
176 'Jl ')7.1 
116 'J6 'i5.2 
116 5'9 59.9 
'" 03 11. 7 
171 06 30.1 

177 09 55.0 
177 13 26.2 
177 17 03.5 
1772046.4 
177 2l& 34.9 

177 28 28.7 
177 32 27.4 
171 36 30.8 
177 40 38.6 
177 44 50." 

177 49 06.0 
177 5] 25.0 
177 57 47.0 
11IJ 02 11.1 
17806 ]8.6 

118 11 07.1I 
1781537.7 
1782009.2 
1782441.6 
178 29 14.4 

178]] lI7.5 
178 ]8 20.4 
17842 52.9 
178 47 211.7 
178 5 I 55.6 

178 56 25.2 

GHA (SUN) 

o " 
1790053.3 
179 05 19.7 
1790944.1 
179 llt 06.2 
179 18 25.9 

17922 "2.9 
119 26 57.1 
179 31 08.1 
179 35 15.8 
179 ]9 19.9 

17943 20.] 
17947 16.7 
17951 08.7 
179 54 56.2 
17958 38.8 

180 02 16.4 
18005 48.110 
18009 14.8 
180 12 35.2 
180 1549.3 

180 18 56.9 
180 ~I 57.8 
180 24 51.7 
180 27 38.5 
180 ]0 17.9 

18032 49.9 
180 35 14.1 
180 31 30.6 
180 39 39.1 
18041 39.6 

GltllNW1Cli IIOUI! ANCII IOIt 1111 ~UN AND POIARI~ lOR n HOUR UNIVfRSAl TIM[ 

D[CL [NATION 

o 
- 1 ]~ 13. 1• 

- 1 11 21.6 
-64823.6 
-62519.8 
- 6 02 10.7 

- ') 38 56.7 
- ') 1') 38.1 
- .. 52 15.4 
-42849.0 
- .. 05 19.] 

- 3 41 46,6 
- ] 18 11.4 
- Z 54 ]",0 
-23054.8 
- 2 07 14.2 

- 1 tn 32.6 
- 1 19 50.3 
-05607.6 
-03224.8 
-00842.3 

o 14 59.6 
o 38 40.6 
1 02 20.4 
1 25 58.4 
1 119 34.6 

2 13 08.] 
2 ]6 ]9.11 
3 00 07.3 
3 23 ]1,8 
1 46 52.50 

.. 10 09.0 

LQ. 01 T IMr 
ArPI-M(AN 

M S 
-12 211.1" 
-12 1?32 
-12 on.oo 
-11 47.::"2 
-11 33.99 

-11 20.33 
-11 06.2~ 
"10 51.17 
-10 36.90 
-10 21.67 

-10 06.09 
-09 50.17 
-09 33 .95 
-09 17 .43 
-09 00.611 

-08 43.60 
-08 26.33 
-08 08.86 
-07 51.22 
-07 33.43 

-07 15.51 
-06 57.48 
-06 39.38 
-06 21.23 
-06 03.04 

-as 44.84 
-05 26.64 
-as 08.41 
-04 50.3~ 
-04 32.29 

-Oil 14.32 

srMI­
ClAM. 

16 10.0 
16 09.1 
16 09.5 
16 09.2 
16 09.0 

16 08.7 
16 08.5 
16 08.2 
16 08.0 
16 07.7 

16 01.5 
16 01.2 
16 07.0 
16 06.7 
16 06.5 

16 06.2 
16 05.9 
16 05.7 
16 05.4 
16 05.1 

16 04.8 
16 04.6 
16 04.3 
16 04.0 
16 03.1 

16 03.5 
16 03.2 
16 02.9 
16 02.6 
16 02.3 

16 02.0 

APRIL 1992 

GilA (POLARIS) 

o 
12] ?O 35.8 
12420 06.5 
12S 19 ]7.4 
126 19 08.1 
127 18 ]8.0 

128 18 06.7 
129 17 33.9 
130 16 59.2 
131 16 22.9 
132 15 45.2 

133 15 06.8 
134 1428." 
1]5 13 50.8 
136 13 14.4 
137 12 39.6 

138 12 05.8 
1]9 11 32.2 
140 10 57.9 
141 10 21.8 
142 09 qj. 7 

143 09 03." 
14408Z1.7 
145 01 39.1 
146 06 56.4 
147 06 14.1 

148 05 32.6 
149 04 51.9 
150 04 12.0 
151 0] ]2.6 
152 02 53.5 

153 02 '''.1 

orellNAT ION . .. 
89 14 08.10 
89 14 (J1.94 
89 III 07.16 
89 14 01.57 
89 '" 01.]5 

89 14 01.11 
89 14 06./56 
89 14 06.61 
a9 1406.36 
89 14 06.12 

89 14 05.90 
89 14 05.69 
89 1405.50 
89 14 05.32 
89 14 05.11 

89 1 .. 04.92 
89 14 0".69 
89 14 04.42 
89 '" 04.1] 
89 III 03.8] 

89 III 03.52 
89 14 03.22 
89 1402.94 
89 14 02.68 
89 14 02.42 

89 14 02.18 
89 14 01.9] 
89 14 01.68 
89 14 01.41 
89 14 01.14 

89 14 00.84 

GR£[NWICH HOUR ANGLE fOR TH{ SUN AND POLARIS FOR a HOUR UNIVERSAL TIME 

DECLINATION 

o 
" 33 20.9 
.. 56 21.9 
') 19 29.7 
') 42 25.8 
6 05 15.8 

6 27 59.6 
6 50 ]6.6 
7 13 06.5 
1 35 28.9 
7 57 4].6 

8 19 50.1 
8 41 48.2 
90] 37.4 
925 17.5 
94648.1 

10 08 09.0 
10 29 19.9 
10 50 20.4 
11 11 10.2 
11311.19.1 

11 52 16.7 
12 12 ]2.1 
12 32 36.7 
12 ~2 28.4 
13 12 07.~ 

13 3' 33.6 
13 50 46.4 
'4 09 117.6 
,,, 28 ]0.9 
14 47 01.8 

EQ. OF TIME 
APPT-M[AN 

M S 
-03 56.411 
-03 38.69 
-03 21.06 
-03 03.59 
-02 46.27 

-0229.14 
-02 12.20 
-01 55.46 
-01 38.95 
-01 22.61 

-01 06.65 
-00 50.89 
-00 35.42 
-00 20.2~ 
-00 05.41 

00 09.09 
00 23.23 
00 36.99 
0050.35 
01 03.29 

01 15.80 
01 21.85 
01 39.45 
01 50.51 
02 01.20 

02 11.32 
.02 20.94 
02 30.04 
02 38.61 
02 "6.6" 

SEMI­
ClAM. 

16 01.8 
16 01.5 
16 01.2 
16 00.9 
16 00.7 

16 00.4 
16 00.1 
15 59.8 
15 59.6 
15 59.] 

15 59.0 
15 58.8 
15 58.5 
15 58.2 
15 58.0 

15 57.7 
15 57.4 
15 57.2 
15 56.9 
15 56.7 

15 56.4 
15 56.1 
15 55.9 
15 ';5.6 
15 55.] 

15 55.1 
15 54.8 
15 54.6 
15 54.] 
15 54.1 

GHA (POLARIS) 

o " 
15401 33.9 
155 00 52.6 
156 00 09.5 
156 59 24.6 
157 58 37.7 

158 57 49.3 
159 57 00.0 
160 56 10.lI 
161 55 21.3 
162 54 33.] 

163 5] 46.6 
164 53 00.9 
165 52 15.6 
1665129.7 
167 50 42.S 

168 49 53.2 
169 49 01. 7 
1704808.5 
171 47 13.9 
172 46 19.0 

173 45 24.2 
174 44 30.0 
175 43 36.6 
176 42 4".1 
177 41 52.3 

1711 41 00.7 
179 40 09.0 
160 ]9 16.1 
1/51 3S 23.3 
1/52 31 28.3 

D[CL I NAT ION 

o " 
89 '" 00.53 
89 14 00.19 
89 13 59.85 
89 1] 59.51 
89 1] 59.16 

89 1] 58.83 
89 13 58.52 
89 13 58.23 
89 1] 57.96 
891357.70 

89 13 57.44 
891357.17 
89 1] 56.87 
89 1] 56.56 
89 13 56.21 

89 13 5'.06 
8q 1] 55.50 
89 1] 5:;.15 
89 13 54.81 
89 1] ~4.50 

119 1] 54.20 
89 13 53. 92 
89 1] 53.64 
89 13 53.36 
89 13 53.07 

89 13 52.78 
119 1] 52.47 
89 1] 52.14 
89 13 51.80 
89 13_ 51.45 

CR[[NWlCH 
TRANSIT 

M " S 
15 44 03. 
1'jo lIO 05. 
15 36 08. 
15 32 10. 
1528 13. 

15 2110 16. 
15 20 19. 
15 16 22. 
15 12 25. 
1~ 08 28. 

15 04 3" 
15 00 ]4. 
14 Oj6 37. 
14 52 40. 
14 48 41. 

14 44 46. 
14 40 49. 

'" 36 52. 
14 32 Oj5. 
'" 28 ~8. 

14 25 02. 
14 21 05. 
14 17 09. 
14 1] 12. 
14 09 16. 

14 as 19. 
14 01 22. 
13 57 26. 
13 5] 29. 
11 49 ]2. 

13 lI5 35. 

GR[[NWICH 
TRANSl T 

" M S 
11 41 39. 
l] J7 42. 
13 33 46. 
II 29 49. 
l] 25 53. 

13 21 57. 
13 18 01. 
11 14 05. 
11 10 09. 
13 06 1]. 

13 02 16. 
12 58 20. 
12 54 2 ... 
12 50 27. 
12 46 31. 

12 42 35. 
12 ]8 39. 
12 34 43. 
12 30 48. 
12 26 5Z. 

12 22 56. 
12 19 01. 
12 15 05. 
12 11 09. 
12 07 13. 

12 03 17. 
11 59 21. 
11 55 25. 
11 51 30. 
11 47 34. 

From Equation (I 7-7), 

Oed = -6°02'10".7 

From Equation (17-5), 

-sin(312.14891°) 
+( -5°38'56".7 + 6°02'10" .7) 

15h 16 ffi41".57 
X 

24h 

+(0.0000395)( -6°02'10" .7) 

X sin(7.5 X 15h I6 ffi41".57) 
-5.78980° - 0.00022° 
-5.79002° 

AZ=rnn- 1 -------------------------
cos(36°04'00") rnn( - 5.79002°) 
- sin(36°04'00") cos(312.148910) 

0.74140323 
tan- 1 -----------

-0.47703565 

Using R --+ P, we obtain AZ = 122.75815°, 
or using tan-I, AZ = -57.24185°. 



Since LHA is between 180° and 360° and AZ 
negative, the normalize correction from 
Table 17-1 equals 180°. 

AZ = -57.24185° + 180° 

= 122.75815° 

Field RAng Rt = 211002'54" - 179°59'54° 

= 31.05000° 

From Equation (17-17), 

h = sin- 1[sin(36°04'OO")In( -5.79002°) 

+cos(36°04'OO") cos( -5.79002°) 

X cos(312.14891°)] 

= 28.7037° 

From Equation (17-18), 

0°16'09" .0 
dH=-----

cos(28.7037°) 

= 0.30688° 

The left edge is pointed D & R; therefore, 
dH is positive. 

Cor RAng Rt = 31.05000° + 0.30688° 

= 31.35688° 

From Equation (17-1), 

AZL = 122.75815° - 31.35688° 

= 91.40127° 

= 91 °24'04" .6 

Using the same calculation procedure for re­
maining pointings yields the following: 

Direct 

91°24'03".6 (I) 
91°24'04".8 (2) 
91°24'03".1 (3) 

Reverse 

91°24'04".6 (4) 
91°23'09".6 (5) 
91°24'10".3 (6) 

A comparison of direct and reverse azimuths indicates 
that the fifth value contains excessive error. Throw out 
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this azimuth and a direct azimuth (third) before aver­
aging. (Average = 91°24'06") 

17-8. SUN OBSERVATIONS 
(ALTITUDE METHOD) 

Outdated and less accurate (approximately 1 
min of arc, depending on numerous factors), 
the altitude method should only be consid­
ered when accurate time cannot be deter­
mined. Simultaneous vertical and horizontal 
angles to the sun's center are required. There­
fore, a special sighting accessory must be used 
or both edges of the sun pointed simultane­
ously (quadrant method, see Figure 17-7). Due 
to the suns's large diameter, both edges can­
not be accurately observed simultaneously 
using a filter. Since total stations require an 
objective lens filter, this essentially eliminates 
their use for this method. 

The altitude method requires very accurate 
vertical angles that must be corrected for par­
allax and refraction. This is particularly critical 
when the sun is close to local noon because of 
rapid changes in azimuth, with little or no 
change in altitude. Therefore, observations 
should not be made within 2 to 3 hr of local 
noon. Refraction corrections are large and 
more difficult to accurately determine when 
the sun is close to the horizon. This restricts 
observations during the first hour or two after 
sunrise and before sunset. 

Due to problems involved in obtaining hor­
izontal and vertical pointings at the same in­
stant, and the importance of vertical angle 
accuracy, a set of data should consist of several 
foresights on the sun for each backsight. A 
recommended sighting procedure is (1) direct 
on backsight mark, (2) three direct on sun, (3) 
three reverse on sun, and (4) reverse on back­
sight mark. The three direct and three reverse 
angles {horizontal and vertical} are averaged, 
with a single azimuth computed for each set. 
In order to minimize errors due to curvature 
of the sun's apparent path, time spans from 
first direct to last reverse pointings should be 
kept as short as possible. 
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Figure 17-7. Quadrant method. 
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17-9. EXAMPLE SUN CALCULATION From Equation 07-13), 

(ALTITUDE METHOD) 

Example 17-2. 

Local date = April 10, 1992 
Avg. angrt to sun's center = 326°47'30" 
Avg. zenith angle to sun's center = 65°20'42" 
Avg. time = 4:40 PM CST 
Elevation = 1400 ft 
Temperature = 70°F 
Latitude = 36°04'00" 
Greenwich date = April 10, 1986 
From Table 17-3, 

DecJ Oh = 7°57'43" .6 

DecJ 24h = 8°19'50" .1 

UT = 4h40m + 12h + 6h 

= 22h40m 

From Equation (17-6), 

DecJ = J057' 43" .6 

= 8.3101° 

Vertang = 90° - 65°20'42" 

= 24.6550° 

Cp = 0.002443 cos(24.65500) 

= 0.0022° 

From Equation 07-15), 

92,670 - 1400 
b = inverse log-----

62,737 

= 28.50 in. ofHg 

From Equation (17-14), 

0.273(28.50) 
C=--------

T (460 + 70) tan(24.65500) 

= 0.0320° 

From Equation (17-16), 

h = 24.6550° + 0.0022° - 0.0320° 

= 24.6252° 

From Equation 07-12), 

sin(8.31010) 
- sin(24.6252°)sin(36°04'OO") 

AZ = cos- 1 --,----.----,-----,,-
cos(24.6252°)cos(36°04'OO" ) 

= 97.8830° 



For an afternoon observation (sun west of 
meridian), 

AZ = 360° - 97.8830° 

= 262.1170° 

From Equation (17-1), 

AlL = 262.1170° - 326°47'30" 

= -64.6746° 

= 295.3254° 

= 295°20' 

17 -10. POLARIS OBSERVATIONS 
(HOUR-ANGLE METHOD) 

In most land surveying situations, determina­
tion of the astronomic azimuth by sun obser­
vations is satisfactory. However, for direction 
accuracy requirements of approximately 6 arc­
sec or fewer, a star observation is required. At 
middle latitudes of the northern hemisphere, 
Polaris is preferred. It moves very slowly as 
seen by an observer on earth and is easily 
located. At near-pole and near-equator lati­
tudes, a star other than Polaris should be 
selected. If close to the equator, Polaris may 
not be visible, and horizontal refraction can 
be a problem. When near the pole, time and 
leveling become very critical in azimuth deter­
minations. 

Several observation methods and calcula­
tion procedures can be applied to determine 
astr~momic azimuth from Polaris. For all prac­
tical purposes, however, the hour-angle 
method is the only one that should be consid­
ered. Figure 17-8 depicts the apparent motion 
of Polaris to an observer on earth. The rela­
tionship between the north celestial pole, azi­
muth of Polaris, and horizontal angle from 
line AB to Polaris is shown. 

Four important positions of Polaris during 
its daily rotation around the pole are (1) up­
per culmination (UC), (2) western elongation 
(WE), (3) lower culmination (LC), and (4) east­
ern elongation (EE). If an observer sights Po-
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laris exactly at upper or lower culmination, its 
azimuth is zero, which of course simplifies 
computing the line's azimuth. This method of 
observation is not practical in that culmination 
occurs for only an instant, and movement is 
most rapid in either an east or west direction. 
Consequently, accurate direct and reverse 
pointings on Polaris are not possible. Likewise, 
observation procedures and computations can 
be simplified by making observations at either 
eastern or western elongation. These also have 
distinct disadvantages, since elongation nor­
mally occurs only once each day during hours 
of darkness and possibly at an inconvenient 
time of night. Instead of observing Polaris at 
culmination or elongation, surveyors should 
be prepared to make observations at any time 
(hour angle) and perform the necessary calcu­
lations. 

Figure 17-9 can assist in locating Polaris. It 
is the end star in the handle of constellation 
Ursa Minor (Little Dipper) located between 
the constellation Ursa Major (Big Dipper) and 
Cassiopeia. Two stars of the Big Dipper's cup 
point to Polaris. Finding Polaris in the instru­
ment's field of view for the first time can be 
exasperating, but it need not be if approached 
in a systematic manner. The instrument can 
be prefocused on some distant object, such as 
a bright star or the moon. Horizontally, 
Polaris can be located with the telescope sight. 
Approximate vertical angles to Polaris can be 
computed by estimating expected UTI times 
of observation and applying the following 
equation: 

h = rjJ + (90° - 8) 

X cos[GHAOh - WA + (UTl)(l5°02')] 

07-19) 

As an example, assume a Polaris observa­
tion is to be taken at 7:15 PM CST, December 
7,1992 (Iocal date), at longitude 91°46' Wand 
latitude 37°57' N. UTI time and Greenwich 
date of observation would be 1 h 15m December 
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Figure 17-8. Polaris movement and relationship of horizontal angle, azimuth, and local hour angle. 

8. GHA Oh on this date is 40°31' and declina­
tion 89°15'. 

h = 37°57' + (90° - 89°15') 

X cos[40031' - 91°46' + O.25h )(I5°02')] 

= 38°35' 

Converting this approximate vertical angle 
to zenith angle yields 51°25'. Since the altitude 
of Polaris is approximately equal to the ob­
server's latitude, precise leveling of the 
theodolite is extremely critical for mid and 
high northern latitudes. 

Polaris observations made at night present 
problems not encountered in survey work per­
formed during daylight hours. In particular, 
illumination is necessary to see the cross hairs 

against the night sky. Theodolites usually have 
lighting systems as accessories. If a lighting 
system is not available, point a light into the 
hole located at the theodolite's reflecting mir­
ror to illuminate both horizontal circle and 
cross hairs, or use a flashlight to illuminate the 
cross hairs by reflecting light at an angle into 
the objective lens. 

Horizontal angles from a line to Polaris are 
obtained from direct and reverse pointings 
taken on the backsight mark and star. The 
single foresight for each backsight procedure 
(as discussed under sun observations) is rec­
ommended with at least three sets being taken. 
For high-order surveys, horizontal circle and 
micrometer settings should be incremented 
between sets. 
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Figure 17-9. Chart to locate Polaris. 

If the time span between direct and reverse 
pointings on Polaris is kept below 4 min, an 
azimuth computed from averaged horizontal 
angles and UTI times would contain a maxi­
mum error of only 0.2 arc-sec at 60° latitude 
and smaller at lower latitudes. Consequently, 
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for hand computations, averaging angles and 
times for each set is normally sufficient. Azi­
muths for each set should be compared and, if 
found within acceptable limits, averaged. A 
slightly more accurate procedure is computing 
an azimuth for each pointing as recom­
mended for sun observations. 

Excluding instrument and personal errors, 
accuracy of an azimuth determination is af­
fected by errors in obtaining UTI time of 
pointing Polaris and scaling latitude and lon­
gitude. Determining specifications for time, 
latitude, and longitude in order to meet a 
prescribed azimuth accuracy is somewhat 
complicated since they vary with the observer's 
latitude and LHA at time of pointing. Table 
17-4 lists maximum azimuth errors resulting 
from inaccuracies in time, latitude, and longi­
tude at several latitudes. In general, for any 
observations made on Polaris in the continen­
tal United States, if pointing times are ob­
tained to 1 sec and latitude and longitude are 
scaled to 1000 ft (300 m), the resulting azi­
muth accuracy is within 0.5 arc-sec (if we disre­
gard errors in the horizontal angle from mark 
to star). 

17 -11. EXAMPLE POLARIS 
CALCULATION 

Calculations are detailed for the example field 
notes in Figure 17-10. These notes illustrate 
standard procedures to increment horizontal 
circle and micrometer settings for a direc­
tional theodolite. An azimuth is computed for 

Table 17-4. Maximum azimuth error related to time, 
latitude, and longitude (polaris) 

Data Latitude 
Error 20° 40° 60° 

l' of Time 0".23 0".28 0".42 
10" of Latitude 0".05 0".15 0".49 
10" of Longitude 0".15 0".18 0".28 



432 Field Astronomy 1M Azimuth Determinations 

Po '/5 Q S£Je1/. T/()N 

SET fb/~T. TEt.E. 

f 11M! 0 o·()()· 
• 0 

'* .!?. 
IIM1 R. 

Z RMI 0 Vj·03· 

" 0 :21j:J? 15~·4l Ij .. I? .J(]:J.{. 334·4[· 
flMl ~ 240·03· 

.3 11M! D 

" D 
fl- le 

IIMt e 

Figure 17-10. Example of Polaris observation field notes. 

each pointing; however, in order to eliminate 
repetition, detailed calculations for the first 
pointing only will be shown. 

Example 17-3. The local date of observation is 
April 8, 1992. Greenwich date of observa­
tion is April 9, 1992. 
From Table 17-3, 

GHAOh = 161°55'21".3 

GHA24h = 162°54'33".3 

DeclOh = 89°13'57" .96 

Decl24h = 89°13'57" .70 
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First pointing (telescope direct), 

UTI = 2h16m 21'.5 

From Equation (I 7-10), 

GHA = 161°55'21".3 

+(162°54'33".3 - 161°55'21".3 + 360°) 

2h16m 21'.5 
X--,---

24h 

= 196.10560° 

From Equation (I 7-8), 

LHA = 196.10560° - 91°46'35" 

= 104.32921° 



From Equation (I 7-6), 

Ded = 89°13'57" .96 

+(89°13'57" .70 - 89°13'57" .96) 

2h 16m 2I'.5 
x----

24h 

= 89.232760° 

From Equation (17-5), 

- sine 1 04 .32921 0) 
AZ= tan-l--~----~~------~--

cos(37°57'23") tan(89.2327600) 
- sin(37°57'23") cos(104.32921°) 

- 0.96888969 
= mn- 1 --------

59.03056203 

Using R -+ P, we obtain 

AZ = -0.94033° 

= 359.05967° 

or using tan - 1 , 

AZ = -0.94033°. 

Since LHA is between 0 and 180° and AZ is 
negative, the normalize correction from 
Table 17-1 is 360°. 

AZ = -0.94033° + 360° 

= 359.05967° 

Field Dangrt = 94°36'48" - 0°00'08" 

= 94.61111° 

From Equation (I 7-1), 

AZL = 359.05967° - 94.61111° 

= 264.44856° 

= 264°26'54"8 

Using the same calculation procedure for re­
maining pointings yields the following: 

Set 

1 
2 
3 

Direct 

264°26'54".8 
264°26'53".7 
264°26'55".3 

Avg. AZL = 264"26'51" .3. 

Reverse 

264°26' 47".9 
264°26'47".5 
264°26' 48".5 
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17-12. STARS OTHER THAN POLARIS 

At times, neither Polaris nor the sun is suitable 
for azimuth observations. Polaris obviously 
cannot be observed south of the equator and 
may not produce accurate results at high 
northern latitudes. In some cases, sun observa­
tions may not produce sufficient accuracy for 
the work desired, or a cloudy day can require 
a night observation if a time schedule is to be 
met. Also, Polaris may be cloud covered while 
the southern sky is clear. There is a fifth 
magnitude star, Sigma Octantis, within one 
degree of the south celestial pole that can be 
observed in the southern hemisphere using 
the same procedures as Polaris. Of course, 
both latitude and declination are negative, 
and the azimuth will, as usual, be measured 
clockwise from north. Since the star is nearly 
invisible to the naked eye, accurate star maps 
or precomputation are necessary for location. 

In general, pointings to stars can be made 
more accurately than those on the sun since 
the image is precisely defined, atmospheric 
turbulence is lower, and thermal expansions 
of the theodolite and tripod are eliminated. In 
addition, bright stars are visible shortly after 
sundown, thus permitting observations to be 
made in twilight. 

If we assume that GHA and declination 
ephemeris data are available for other stars, 
calculations are identical to those for Polaris. 
However, their apparent motion is rapid, and 
for smrs dose to the equator, the movement is 
similar to the sun's. Consequently, observa­
tions should be avoided when the vertical 
angle is above 45°--i.e., their directions 
change rapidly with time, particularly if near 
the observer's meridian. 

Some stars are not visible during the entire 
night, and their locations change throughout 
the year. Before attempting any observations, 
it is necessary to become familiar with a star's 
position. This involves determining when it 
will be above the horizon and identitying its 
location. Many publications, such as Sokkia's 
Celestial Observation Handbook and Ephem-
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erist, provide visibility charts to aid in this 
procedure. 

17-13. SUMMARY 

Astronomic azimuth provides an accurate and 
efficient means of orienting field surveys. 
Textbooks and surveying courses have covered 
celestial observations for many years, but until 
recently this aspect of surveying measurements 
has been essentially academic and not em­
ployed in surveying practice. This is due in 
part to emphasis on the altitude method for 
sun observations and the inherent associated 
problems. Surveyors are encouraged to take 
advantage of available technology and use the 
hour-angle method for all azimuth determina­
tions, whether the sun, Polaris, or selected 
stars are observed. 

Ample software is available to perform all 
necessary calculations for the hour-angle 
method. Included are modules for hand-held 
calculators that not only serve as timepieces, 
data collectors, and computers, but also gen­
erate ephemeris data. As professionals, how­
ever, surveyors must have a basic understand­
ing of the underlying theory of celestial 

observations and be able to test and verify 
accuracies of the software used. 

In the near future, it is hoped that direction, 

the fourth component of surveying measure­
ments, will no longer be a stepchild to the 
other three. As a result, all field surveys will be 
accurately oriented to a retraceable reference. 
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Map Projections 

Porter W. McDonnell 

18-1. INTRODUCTION 

The earth is round; maps are flat. If a particu­
lar map is to show only a very small portion of 
the earth, such as a few city blocks, the round­
ness of the earth is insignificant. On the other 
hand, if a map is to show the western hemi­
sphere, the roundness presents a major prob­
lem-i.e., some kind of deformation will be 
necessary. To illustrate, a large section of or­
ange peel can only be flattened if it is stretched 
and torn. 

A map depicting only a small area is often 
called a plan. A map showing a large portion 
(or all) of the earth, where CUIvature of the 
surface becomes a factor, is called a map or 
chart, the latter term being used for a map 
designed for navigational purposes. Prepara­
tion of a plan involves a simple rectangular 
grid, whereas a map or chart commonly re­
quires the selection of a suitable map projec­
tion to deal with the earth's shape. 

Although the roundness of the earth is not 
a factor in drawing a plan-a map of limited 

area-the topic of map projections is never­
theless important to land surveyors. Increas­
ingly, land surveyors are making use of plane 
coordinate systems (Chapter 19) that extend 
over hundreds of kilometers (or miles) even 
though the job at hand is small. When a plan 
shows a limited land area and is drawn as if 
the earth were flat, the data shown may be so 
precise that a knowledge of map projections is 
needed in the survey computations. 

For the purposes of this chapter, and for 
small-scale mapping generally, the earth can 
be considered a sphere with a radius of 6370 
km (or about 3960 mi). Actually, the dimen­
sion is greater across the equator than from 
top to bottom (pole to pole). 

For large-scale mapping and in geodetic 
surveying, the earth's true shape has to be 
considered (see Chapter 19). In these cases, 
the earth is assumed to be a spheroid instead 
of a sphere. Figure 18-1 is a flowchart in which 
the choice of a datum (sphere or spheroid) is 
shown as the first step in evolving a map 
projection. 

This chapter is based on the author's textbook, Introduction to Map Projections (New York: Marcel Dekker, 1979), with 
permission from the publisher. (Second edition available from Landmark Enterprises, Rancho Cordova, CA, © 1992.) 
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Figure 18-1. Evolution of a map projection. In some cases, a geometric projection to a developable surface is involved, 
but usually the term cylindrical, conic, or azimuthal is used to classify a projection that only resembles such a case. The 
dashed arrow shows this possibility. (From P. W. McDonnell, Jr., 1979, New York: Marcel Dekker, with permission.) 

18-2. PROJECTION 

If all points within some large portion of the 
earth-e.g., the western hemisphere-are to 
be represented on a flat map, two transforma­
tions of the sphere or spheroid are necessary. 
First, there must be a scale reduction to make 
sure a huge area fit into the limits of a sheet. 
Second, there needs to be a systematic way of 
deforming the rounded surface of the sphere 
or spheroid to make it flat (see Figure 18-I). 

It is very useful to think of these operations 
as always being done in two steps, in the order 
mentioned. First, the full-sized sphere is greatly 

reduced to an exact model called a globe. 
Second, a map projection is generated to con­
vert all or part of the globe into a flat map. 
There are an infinite number of ways, literally, 
of accomplishing this second step. 

Certain reference lines and points have 
been established on the earth. The equator 
and two poles are known to all (see Figure 
18-2). Lines running north and south, from 
pole to pole, are meridians. One of them, pass­
ing through Greenwich, England, has been 
chosen arbitrarily to be the prime meridian. It is 
assigned an angular value of 0°. Each other 
meridian is identified by its angular distance 
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Figure 18-2. Network of meridians and parallels. Pittsburgh is located at <p = 40° Nand 
A = 80° W. 

east or west of the prime meridian. The 
meridian through Pittsburgh, e.g., is 800 west 
of Greenwich and said to have a longitude of 
80° W. (The line itself is a meridian, and its 
spherical coordinate the longitude). The Greek 
letter lambda (A) is used for longitude. Lines 
crossing all meridians at right angles and run­
ning parallel to the equator are called paral­
lels. Each parallel is identified by its angular 
distance north or south of the equator, known 
as its latitude. The parallel passing through 
Madrid, Pittsburgh, and Peking is at 40° Nand 
is often called the 40th parallel if there is no 
chance of confusing it with the parallel at 
40° s. The Greek letter phi (cp) is used for 
latitude. 

A network of meridians and parallels is 
called a graticule. When the sphere or spheroid 
is reduced in size, as shown in Figure 18-1, the 
graticule becomes, of course, a reference net­
work for all points on the globe just as it is on 
the earth itself. 

The map being produced is two­
dimensional. Points on the map sheet have x 
and y positions based on some rectangular 
system of reference. The map projection pro­
cess is the systematic transformation of all 
spherical coordinates cp and ,\ of the globe 
into corresponding rectangular coordinates x 

and y on the map. Mathematically, x = 

fl( cp, ,\) and y = f2( cp, ,\), meaning that x and 
y positions on the map are functions of cp and 
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A. These functions must be: (1) unique, so a 
particular point will appear at only one posi­
tion on the map; (2) finite, so a particular 
point will not appear at infinity and be unplot­
table; and (3) continuous, so although stretch­
ing or shrinking of features may occur, there 
will be no gaps. Projections do exist in which 
the functions are not finite for the entire 
globe. 

In some cases, the x and y positions may 
be obtained by imagining an intermediate step 
involving a cylinder, cone, or plane as shown 
in Figures 18-1 and 18-3. To illustrate this type 
of projection, imagine a ray of light projected 
radially from the globe's center to a tangent 
surface (Figure 18-3). A point on the globe 
having a certain cP and A can be transferred 
to the surrounding surface, which then is "un­
rolled" or developed to form a plane map. 
More commonly, the functions used to get x 
and y positions are purely mathematical and 
do not involve a developable surface. Many of 
these mathematical concoctions bear some re­
semblance to the geometrically projected cases 
shown in Figure 18-3. The cylinder, cone, and 
plane thus provide a convenient basis for clas­
sifYing a large number of projections. A pro­
jected graticule is classified as (1) cylindrical if 
it takes on a rectangular appearance (Figure 
18-3a), (2) conic if it looks fan-shaped (Figure 
18-3b), and (3) azimuthal if its resembles a map 
projected directly to a plane (Figure 18-3d. 
The term azimuthal refers to the property that 
azimuths (or bearings or directions) from the 
central point to other points are not deformed 
during the projection process. This term is 
discussed further in Sections 18-9 and 18-12. 
An example of the cylindrical group is the 
well-known Mercator projection. 

If a projected graticule has only a slight 
similarity to geometrically projected cases, it 
may be classified as pseudocylindrical, pseudo­
conic, or pseudoazimuthal. The pseudocylin­
drical projection is not rectangular in appear­
ance, but the parallels are all horizontal, sug­
gesting a relationship to the cylindrical group 
(see Section 18-12). 

p .p 

t---------

(a) 

(b) 

.p 

(c) 

Figure 8-3. Developable projection surfaces. (a) Cylinder 
tangent to a globe at the equator and developed or 
unrolled map. (b) Cone tangent to a globe along a paral­
lel and developed or unrolled map. (c) Plane tangent to 
a globe at the North Pole and part of resulting map. 

18-3. SCALE 

When a large area, such as the western hemi­
sphere, is shown on a small sheet of paper, the 
result is said to be a small-scale map. A large­
scale map, of course, is the opposite; an exam­
ple would be the map of a few city blocks on a 
large sheet. The large-scale map is generated 
from a relatively large globe. For a plane 
coordinate system to be used in surveying 
computations, a full-size globe is used (see 
Chapter 19). 



The usual way of expressing scale in numer­
ical terms is by a dimensionless ratio or repre­
sento ive fraction (RF). 

globe distance 
RF scale = ----­

earth distance 
08-I) 

If 200 km 024.3 mi) are represented on a 
globe as 1 cm, the RF scale is 

1.00 em 

200km 

0.0100 m 

200,000 m 20,000,000 

Distances on the globe are 20,000,000 
times smaller than on the earth itself. (Two­
dimensional surfaces or areas are reduced in 
both dimensions and thus are smaller by a 
factor of 20,000,000 2 or 4.00 X 1014 , but only 
the linear scale is usually stated.) This scale, 
often called the principal scale, may be written 
for convenience as 1 : 20,000,000. If the radius 
of the generating globe R is known, the RF 
scale is equal to R/6370 km converted to a 
dimensionless ratio with a numerator of unity. 

Scale also may be expressed in unit equiva­
lents. In the case mentioned, 1 cm represents 
200 km or 1 cm = 200 km, in which it is 
understood that the smaller unit is a globe 
distance, and the larger unit an earth distance. 
It is standard practice to assign unity to the 
smaller unit rather than to say I km = 0.005 
cm or 1 km = 0.05 mm. Other examples of 
unit equivalent scales are 1 in. = 300 mi and 1 
in. = 2000 ft. 

Scale may be shown graphically, with con­
venient multiples of earth distances marked 
off along a bar. In the first example (1 em = 

200 km), scale divisions equivalent to 100 or 
500 km might be used. The size of a 500-km 
division would be 500,000 m/20,000,000 = 

0.025 m or 2.5 cm. Graphic scales, being pic­
torial, are very helpful to a map user. 

18-4. SCALE FACTOR 

All dimensions of the earth are reduced pro­
portionately when it is reduced to a globe. 
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Some dimensions do not undergo any further 
change as the surface of the generating globe 
is projected to become a map. Figure IS-3a 
shows the case of a cylinder tangent to the 
globe at the equator. As the cylinder is un­
rolled, or developed, the equator maintains its 
original length. Such a line is called a standard 
line or line of exact scale. It is said to have a 
scale factor or "particular scale" of 1.000. If a 
certain line is doubled in length during the 
projection process, it is said to have a scalar 
factor of 2.000. In equation form, 

map distance 
Scale factor = ----­

globe distance 
08-2) 

The scale factor on any map will vary from 
point to point and may vary in different direc­
tions at the same point, being 1.000 along only 
standard lines or at a standard point. No map 
has a uniform scale. An RF, such as 
1 : 20,000,000 applies to the generating globe 
itself and is correct for the map only when the 
scale factor is 1.000. 

18-5. MATHEMATICS OF THE 
SPHERE 

Before proceeding with this discussion of map 
projections, it is important to review the ge­
ometry of spheres. 

If the radius of the globe is R, the circum­
ference is 27TR. That, of course, is the length 
of the equator and any meridian circle. The 
various parallels are shorter in circumference 
than the equator. The North and South poles 
are really the 90th parallels in the northern 
and southern hemispheres, but they have zero 
lengths. 

The length of a particular parallel can be 
calculated by multiplying length of the equa­
tor by cosine of latitude. If we use cP for 
latitude, the relationship is 

Length of parallel 

= (length of equator)(cos cP) 08-3) 
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Figure 18-4 shows why Equation (18-3) is cor­
rect. The figure depicts a cross section of a 
sphere in which the radius of any parallel, in 
its own plane, varies with cos ljJ. The circum­
ference of any parallel, in turn, is 27TR cos ljJ. 
Obviously, partial lengths of parallels, falling 
between any two meridians, also vary with 
cos ljJ, becoming zero at the poles where cos ljJ 
IS zero. 

To illustrate this relationship, consider the 
meridians through Pittsburgh (800 W) and 
Denver (1050 W). The distance between these 
two meridians is a maximum at the equator 
-namely, 

25 
- 21TR = 2779 km 
360 

using 6370 km as the radius of the earth. 
Between the two cities, as measured along the 
40th parallel, the distance is 

25 
- 27TR eos40° = 2129 km 
360 

If a map having an RF scale of 1: 20,000,000 
shows the 40th parallel as a standard line, the 
distance between the cities, measured along 
the parallel, will be 

25 (21TR eOS400) 
- = 0.000106 km or 10.6 em 
360 20,000,000 

If another map of the same scale has a scale 
factor along the 40th parallel of 1.15, the 
distance will be (10.6) (1.15) = 12.2 cm. The 
ratio of 27T/360 can be viewed as a conversion 
factor for degrees to radians. 

The surface area of a sphere is 47T R 2 , ex­
actly equal to that of a cylinder having the 
same diameter and height. The circumference 

Figure 18-4. Cross section of a globe, showing that the 
radius of any parallel of latitude is R cos 41 and the 
distance between its plane and that of the equator R sin 41. 

of such a cylinder is 27TR and the height 2R. 
The area is (27TRX2R) = 47TR 2 , as stated for 
the sphere. 

The surface area of a zone between any two 
parallels on a sphere may be found in a similar 
manner. It is equal to a strip on the surround­
ing cylinder having the same height (see Fig­
ure 18-5). The height of the strip shown is 
R sin ljJ and the area, therefore, is 

Area, equator to parallel 

= (27TR)R sin ¢ = 27TR2 sin ¢ (18-4)* 

This formula may be used, e.g., to find what 
fraction of the earth's surface lies within the 
Arctic Circle (66.50 N). The plane of the Arctic 
Circle is parallel to the equator. The distance 
between the two planes is R sin 66.50 • This is a 
height like that of the gray strip shown in 
Figure 18-5. The area within the Arctic Circle 

* Equation (18-4), for the area of the zone between the equator and any parallel, also may be found by integration. A 
narrow zone located at any latitude will have a width Rd41 and radius R cos 41. Its area is (27TR cos 41XR'd41) and the 
total area desired therefore is 
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Figure 18-5. Globe surrounded by a cylinder of same 
height 2R. Surface area of shaded zone on the sphere is 
equal to the gray strip or band on a cylinder having the 
same height. 

may be found by subtraction from the area of 
a hemisphere. 

This may be seen as a circumference 271R 
times a strip height of R - R sin 66S. The 
fraction of surface area within the Arctic Cir­
cle is found by dividing this by the area of a 
sphere. The answer is independent of R, as 
follows: 

= 0.0415 or 4.15% 

The term great circle refers to any arc on the 
earth, or globe, formed by a plane containing 
the center of the sphere. Each meridian is a 
great circle (or actually half of one, running 
only from pole to pole); the equator is another 
example. The shortest distance between any 
two points on the earth's surface is a great 
circle route. The shortest route between Pitts­
burgh and Denver is not the one discussed 
earlier, but rather a great circle route running 
slightly above the 40th parallel. 
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The shortest distance between two points 
may be found by first calculating the central 
angle subtended by the two points-measured 
in the plane of the great circle-using an 
expression from spherical trigonometry. In 
Figure 18-6, if D is the central angle between 
points A and B, <Pa the latitude of A, <Pb the 
latitude of B, and L1 A the difference of longi­
tude between A and B, the expression is 

cos D = sin cf>a sin cf>b 

+ cos cf>a cos cf>b cos L1A (18-5) 

Note that <Pa and <Pb must be expressed as 
plus or minus (north or south of the equator), 
but L1 A may be the longitudinal difference in 
either direction-not necessarily smaller than 
180°. The latter statement is correct because 
cos L1 A is the same either way, e.g., cos 20° = 
cos 340° and cos 200° = cos 160°. Central an­
gle D can be converted to a surface distance 
or arc distance by assuming that the earth is 
spherical. The length of each degree of a 
great circle is, of course, 2'77R/360°. 

The shortest distance between Pittsburgh 
and Denver is found as follows, using latitudes 

'Pole 

Figure 18-6. Terms in Equation (18-5) include desired 
central angle D between points A and B, latitudes rPa and 
rPb of the two points, and difference in longitude ~A. 
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and longitudes from the previous example: 

cos D = sin 40° sin 40° 

+ cos 40° cos 40° cos 25° 

D = 19.09° 

Surface distance = (27TR/3600)(l9.09°) 

= 2122 km 

This figure should be rounded to 2120 km. 
Although a great circle provides the short­

est possible route between two points, it may 
be a difficult one to follow if navigating manu­
ally by compass. In flying from Pittsburgh to 
Peking, it is simpler to go over Denver, due 
west all the way, than to follow a route with a 
constantly changing bearing-i.e., the great 
circle route would be northwest at first and 
southwest later. The route of constant bearing, 
or constant azimuth (in this case, the 40th 
parallel), is called a loxodrome or rhumb line. Of 
course, parallels and meridians are 10xo­
dromes, but in general a loxodrome is a route 
that crosses every meridian at the same angle 
(see Figure 18-7). The trip from Pittsburgh to 
Peking could follow a series of loxodromes 
that together approximate a great circle route. 
The pilot would change his or her bearing a 

F.gure 18-7. Loxodrome crossing meridians at constant 
angle. (From E. Raisz, 1962, New York: McGraw-Hill, Prin­
ciples of Cartography, with permission.) 

number of times, but not continually. There is 
a map projection with the valuable character­
istic that straight lines drawn on it are great 
circle routes (the gnomonic, see Figure 18-24) 
and another map projection on which straight 
lines are loxodromes (the Mercator, see Figure 
18-19). 

Another useful bit of geometry relates to 
the trapezoid. Its area is 

bl + b2 
Area = ---h 

2 
(18-6) 

A 1° quadrangle on a globe (bounded by par­
allels and meridians 1 ° apart) resembles a 
trapezoid but is on a curved surface instead of 
a plane. The two bases and height are slightly 
curved. A 1 "lnin quadrangle is even more like 
a trapezoid because there is much less curva­
ture involved; this idea is used in Section 18-10. 

18-6. CONSTANT OF THE CONE 

On some map projections, including one used 
in the state plane coordinate system (Chapter 
19), a parallel of latitude is drawn as part of a 
circle. Longitudinal coverage d A represented 
by the circular arc may be a full 360° or any 
smaller number, such as 16° for a map of 
France. 

Figure 18-8 shows a central angle L that is 
related to dA but generally not equal to it. For 
example, a map may show all 360° of the 40th 
parallel as a circular arc in which L = 231°. 
Central angle L is related to d A by a constant 
k as follows: 

L=k.::U 08-7) 

In the case cited, L = (0.643X3600) = 231°. 
For reasons explained in Section 18-12 and 
Chapter 19, k is called the constant of the cone. 

In dealing with circles, it is useful to re­
member that a chord length can be calculated 
as follows, referring again to Figure 18-8: 

Chord = 2r sin kL 08-8) 



Figure 18-8. Central angle L in conic projections is not 
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This expression is applied in route sUIveying 
as well as the study of map projections. 

Often, there is a need to calculate x- and 
y-coordinates (or tangent offsets) of several 
points along the circular arc (see Figure 18-9). 
This computation is useful in plotting, route 
surveying, and state plane coordinate compu­
tations. Assume that a particular parallel has a 
radius of 100.0 cm and the meridians will cross 
it at intervals of 5.60 cm. (Figure 18-9 is not 
drawn to scale.) The central angle for each 
5.6O-cm arc is 

5.60 
L = --rad 

100.0 
equal to d A on globe, and radius T must be derived. (It is or 
not equal to that of globe or of parallel itself, as given in 

( 5.60 ) ( 360 ) 
Figure 18-4). 

o 
o 
o 

o 
If) 
~ q 
CD 

o 

-- -- = 3.2086° 
100.0 217 

1-1 
I Y5 

,1 
I 

L .... ------- X5 -------:l.~1 
F"JgW"e 18-9. Tangent offsets for plotting point 5 along circular arc. 
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A plotting table may be prepared giving x­
and y-coordinates from the point 0, where the 
central meridian meets the parallel. If five 
graticule points are needed, the last one will 
be as follows: 

X5 = 100.Osin(5 X 3.2086°) 

= 27.64 em 

Y5 = 100.0 - 100.0 cos(5 X 3.2086°) 

= 3.89 em 

If the meridians are spaced 4° apart in longi­
tude, the constant of the cone must be 
3.2086/4.00 = 0.8022. 

The next five sections describe some char­
acteristics found in various map projections. 

18-7. STANDARD LINES 

In the discussion of scale factor (Section 18-4), 
standard lines were defined as lines that do 
not change length when projected from a 
generating globe to a map. Some projections 
have only one standard line, such as the equa­
tor in Figure 18-3a, but others have many. 
Several conic projections, e.g., have two stan­
dard parallels. 

18-8. EQUIDISTANT PROJECTIONS 

Although no map projection can offer a uni­
form scale, some have it in one direction. A 
projection may have a scale factor of 1.000 in 
the north-south direction (all meridians are 
standard; see Figure 18-15), or in the east-west 
direction (all parallels are standard; see Figure 
18-14). Such projections may be described as 
equidistant. 

18-9. AZIMUTHAL PROJECTIONS 

Section 18-2 mentioned the characteristic that 
all azimuthal projections share, namely, that 
directions to all points with respect to a cen-

tral point are not deformed during projection 
from globe to map. (The direction to a distant 
point is important in the operation of airports, 
seismographs, radio stations, etc.) An example 
is shown in Figure 18-18. 

18-10. EQUAL-AREA PROJECTIONS 

If the relative size of all features on a generat­
ing globe is maintained during the process of 
projection to a map, the projection is said to 
be equal-area (also equivalent or equiareaI). 

It has been pointed out that no map has a 
scale factor of 1.000 everywhere. If area is to 
be preserved but scale cannot be, then a given 
feature on the globe, such as a state, will have 
to be plotted with a scale factor greater than 
1.000 in one direction and smaller than 1.000 
in another. It can be shown that such "com­
pensatory scale factors" on an equal-area pro­
jection occur in perpendicular directions, of­
ten called the principal directions. If a circle 
with a radius of 1 cm is drawn on the surface 
of a large generating globe, it appears as an 
ellipse when projected to an equal-area map 
(see Figure 16-10). If one semiaxis is reduced 
to 0.5 em, the other will be increased to 2.0 
em to make the ellipse and circle contain the 
same area. 

18-11. CONFORMAL 
PROJECTIONS 

Although equal-area projections have com­
pensatory scale factors and allow a tiny circle, 
as just described, to be distorted in order to 
avoid a change in its area, conformal projec­
tions have equal scale factors in all directions 
at anyone point. A tiny circle is not distorted 
at all but becomes simply a larger or smaller 
circle, depending on its location on the map. 
Instead of preserving size, conformal projec­
tions preserve shape (see Figure 18-11). They 
also are called orthomorphic projections. 
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Figure 18-10. Circle on a globe, shown at left, projects as an ellipse on a map. Example from 
an equal-area projection is shown. 

If the .shape of everything on a globe could 
be preserved on a map, as for the tiny circle in 
the preceding paragraph, the map would have 
a uniform scale, which is impossible. Thus, it is 
correct to say that shapes of small features will 
be preserved in the course of projection to the 

conformal map. Conformal projections are 
ideal for setting up plane coordinate systems 
for use in surveying, because a surveyor's 
transverse is small in comparison to the por­
tion of the earth on a particular system. Its 
angles will be the same when placed on the 

Figure 18-11. In conformal projections, a circle on a globe, at left, will project as 
another circle (a special kind of ellipse). A scale factor of 0.6 is illustrated. 
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coordinate system as when they were mea­
sured in the field. A single scale factor (gener­
ally not 1.000) will apply to all distance 
measurements, unless the survey is of unusu­
ally great size of precision (see Chapter 19). 

A map certainly cannot be both equal-area 
and conformal. It cannot have minimum and 
maximum scale factors at a point that are 
compensatory and yet equal. Some projections 
are neither equal-area nor conformal. The 
tiny circle referred to earlier is then distorted 
in both size and shape (see Figure 18-12). 

It can be shown that for any projection, 
such a circle is invariably transformed into an 
ellipse of some size and has a pair of axes (the 
principal directions) that remained perpendic­
ular during projection. Unless the projection 
is conformal, other angular relationships at 
the point are disturbed. Angular deformation 
at a point is zero for the principal directions 
and reaches some maximum value for another 
pair of lines (see Figure 18-13). Figure 18-14 
shows how this maximum angular deformation 
varies over an equal-area projection of the 
world. Clearly, the meridians and parallels do 
not always meet at right angles as they did on 
the globe. It is evident in the figure that the 
pair of perpendiculars that remain perpendic­
ular after projection is not necessarily the pair 
of graticule lines at a point. 

The mathematics of how the tiny circle is 
deformed into an ellipse was developed by M. 

A. Tissot in 1881. Further discussion appears 
in Introduction to Map Projections. l 

18-12. SIMPLE EQUIDISTANT 
PROJECTIONS 

If we use the three basic projection surfaces 
-cylinder, cone, and plane-it is possible to 
generate three very simple equidistant projec­
tions. They are equidistant in the sense that all 
meridians are standard (the scale factor is 1.000 
in the north-south direction). In each case, 
there is one standard parallel. 

All three projections are examples of an 
idea mentioned in Section 18-2; they are not 
literally projected to a cylinder, cone, or plane 
but rather are designed mathematically to have 
a desirable property. They may be thought of 
as true projections on which the spacing of 
parallels has been later modified to match 
their spacing on the globe, making them 
equidistant. 

The first two in the group-cylindrical and 
conic-are not very important in themselves, 
but serve to introduce more complex projec­
tions that have great value to surveyors. 

Cylindrical Equidistant Projection 

This projection is also called plane chart, 
plate carree, simple cylindrical, or the cylindrical 
equal-spaced projection. 

Figure 18-12. In a projection that is neither equal-area nor conformal, a circle on a globe, at left, 
will project as a nonlinear ellipse of different size. 
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FIgUre 18-13. When a circle is projected as a noncircular ellipse, the angle between two radial 
lines will be deformed, except for the two perpendicular that become the ellipse axes. 

A cylinder wrapped all the way around the 
generating globe touching the equator will 
have the same circumference as the sphere 
-namely, 27TR. If the whole world is shown 
on this projection, construction is begun by 
drawing the equator as a straight line of this 
length (the equator is a standard line). The 

meridians are standard also and drawn as 
straight vertical lines with a length 7TR. Figure 
18-15 shows the resulting graticule, consisting 
of perfect squares. They are standard in their 
north-south dimension but, except at the 
equator, are wider than the corresponding 
"squares" or quadrangles on the globe. The 

Figure 18-14. World map on a sinusoidal projection, showing lines of equal maximum angular deformation 00 and 
40°). Projection is equal-area. Standard lines include the central meridian and all parallels. (From A. H. Robinson and R. 
D. Sale, 1984, Elements of Cartography, 5th ed., New York: John Wiley & Sons, with permission.) 
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Figure ISH. Cylindrical equidistant projection. 

meridians fail to converge, resulting in the 
north and south poles appearing as lines the 
length of the equator instead of points. 

By definition, the scale factor is 1.000 along 
the standard lines. It is greater than 1.000 
along the parallels. The 60th parallel, e.g., has 
a "globe distance," or length, of 27rR cos 60° 
(see Section 18-5) but a "map distance" equal 
to 27rR-the same as the equator. The scale 
factor is the ratio of these lengths. 

map distance 
Scale factor = I b d' go e lstance 

27TR 
----- = sec 60° = 2.000 
21TR cos 60° 

The east-west scale factor varies with sec cp, 
being 1.000 on the equator and infinity at the 
poles. 

This projection is so easy to construct, there 
is little need to think in terms of x- and 
y-coordinates being functions of cp and A. The 
relationship, however, is x = CA and y = Ccp, 
meaning A and cp are plotted to some scale as 
if they were rectangular coordinates. 
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The projection just discussed was classified 
as cylindrical, even though spacing of the par­
allels was determined by the requirement that 
it be equidistant rather than by any actual 
geometric projection to a cylinder. The conical 
equidistant is designed in exactly the same 
way. 

A conical equidistant projection is best 
suited for mapping areas in the vicinity of one 
standard parallel just as the cylindrical 
equidistant is appropriate for areas near the 
equator. This projection, as well as the other 
conics, is generally chosen for an area lying 
entirely on one side of the equator. 

A cross-sectional view of a globe and tan­
gent cone is depicted in Figure 18-16. The 
apex is at A and the point of tangency at T. 
The angle at the apex between globe axis and 
cone element AT is seen to be equal to the 
latitude of the standard parallel. In triangle 
ATO, the tangent of cp is RjAT and 

R 
AT = -- = R tan c/J 

tan cP 



A 

FJgUre 18-16. Cross-sectional view of a globe and tangent 
cone. 

Distance AT may be used as a compass setting 
T for drawing the standard parallel on a map. 

The radius of the standard parallel on the 
globe is R cos ~, as illustrated in Figure IS-4. Its 
length, of course, is 2'1T'R cos~. On the map, 
after the cone has been "unrolled," the paral­
lel has the same length but the radius used in 
drawing it, AT or R cot~, makes it appear as 
less than a full circle (see Figure IS-17). The 
central angle at A called L, in radians, is 
equal to the arc length divided by the radius. 

2rrR cos cp 
L = = 2 cos cp tan cp 

R cot cp 

sin cp 
= 21T cos cp -- = 21T sin cp 

cos cp 

This angle may be converted to degrees (if we 
multiply by 360° /2'1T'). 

3600 

L (in degrees) = 21T sin cp -- = 3600 sin cp 
21T 

The Loangle is independent of scale (R was 
cancelled out of the expression). If ~ = 30°, 
then L = 180°, as shown in Figure 18-17. A 
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Figure 18-17. Developed cone for the northern hemi­
sphere, conical equidistant projection, with standard par­
allel at 30°. 

full 360° of longitude is shown within a semi­
circle. The "constant of the cone" k, defined 
in Section 18-6, is sin ~ in the case of a conical 
equidistant projection. 

The standard parallel is divided into equal 
parts and the meridians drawn as straight ra­
dial lines of standard length. As in the cylin­
drical equidistant, the North Pole will be a line 
instead of a point. For ~ = 30°, distance AT is 
1.732R, while the distance from T to the pole 
is (60/1S0)'1T'R or only 1.04R. 

The cylindrical equidistant projection, cov­
ered previously, is really only a special case of 
the conical equidistant in which the standard 
parallel is at ~ = 0°, radius AT = infinity, the 
constant of the cone k = sin ~ = 0, and cen­
tral angle L = 0° (the meridians being paral­
lel). In other words, a cylinder is merely 
a special kind of a cone having its apex at 
infinity. 

The conical equidistant projection is known 
also as the "simple conic_" It could reasonably 
be chosen for a map covering only a few 
degrees of latitude, such as a tourist map of 
the Trans-Canada Highway. In that case, the 
standard parallel might be 50° N; however, 
better conic projections are available. 

Azimuthal Equidistant Projection 

It has been pointed out that a cylinder is 
really a special cone with its apex at infinity. A 
plane that is tangent at the pole may be viewed 
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as a special cone also. It has an altitude equal 
to zero and its standard parallel is at 90° N or 
S. (It is just a little bit flatter than a cone made 
tangent to 80° N, e.g.) Distance AT is zero 
or R cot 90°. The constant of the cone k = 

sin 90° = 1.000, meaning that the central an­
gle L, in degrees, for a full 360° of longitude is 
360°. A graticule has a fan-shaped appearance 
like regular conics if the fan is thought of as 
being wide open (see Figure 18-18, p. 450). 
Meridians radiate like spokes of a wheel and 
are separated by the same angles as on the 
globe. The projection is called the polar az­
imuthal equidistant. Introduction to Map Projec­
tions discusses the nonpolar, or oblique, case 
where the plane may be tangent to any se­
lected point. 

In the polar case, the azimuthal property 
requires meridians to be drawn with their ac­
tual differences in longitude. If the projection 
is to be equidistant, all of them will be stan­
dard lines; parallels will be equally spaced 
concentric circles. The opposite pole will be a 
large circle drawn with a radius of 7TR. 

The oblique case is often centered at an 
airport, radio station, or seismograph because 

Figure 18-18. Polar azimuthal equidistant projection for 
the entire world. 

it wrrectly presents both directions and dis­
tances from that point. 

18-13. PROJECTIONS FOR PLANE 
COORDINATE SYSTEMS 

The three simple projections described in Sec­
tion 18-12 are neither equal-area nor confor­
mal. Variations exist that do have one or the 
other of these properties. For surveying pur­
poses, the three projections discussed are 
modified in the following ways: 

1. They are made conformal by sacrificing the 
equidistant property-i.e., the scale factor is 
allowed to vary along the line formerly held 
standard. 

2. A spheroid is adopted instead of a sphere 
because there is to be no scale reduction; 
field work and computations are done with 
an RF scale of 1 : 1 (full size). The dimen­
sions are not purely for plotting purposes, as 
in cartography. 

3. In the cases of the cylindrical and conic 
projections, two standard parallels are used 
instead of one. This serves to keep the scale 
factor closer to 1.000 over a wide region. 
Instead of having all scale factors equal to or 
greater than 1.000 at all points, as was true 
in the simple cases of the previous section, 
projections with two standard parallels in­
clude values slightly smaller than 1.000 be­
tween the parallels and greater than 1.000 
beyond them. 

4. For the cylindrical projection, the supposed 
cylinder is turned 90°, running transversely 
to the earth's axis. The two standard lines 
thus are not parallels of latitude but parallel 
lines adjacent to a selected central meridian. 
Only a limited area-a "zone" near the 
central meridian-is included in the coordi­
nate system. 

Among cylindrical projections, the confor­
malone is the Mercator, shown in Figure 
18-19 (p. 451). The meridians fail to converge 
just as they did in Figure 18-15; therefore, the 
east-west scale factor again varies with sec cp. 
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Figure 18-19. Mercator projection. Scale factor in all directions increases with sec </>, becoming 2.00 at 60° and infinity 
at the poles. (From A. H. Robinson and R. D. Sale, 1984, Elements of Map Projections, 5th ed., New York: John Wiley & 
Sons, with permission.) 

Because the Mercator is conformal, the scale 
factor along the meridians must vary in the 
same way. The two poles, therefore, fall at 
infinity. The transverse Mercator is shown in 
several figures of Chapter 19. 

Among conic projections, the conformal 
one is the Lambert conformal conic. It is used 
in the state plane coordinate system for more 
than half of the states. In a particular state, 
such as Connecticut, a best-fitting "cone" was 
selected having its central meridian about 
midway across the state and its standard paral­
lels just inside the north and south borders 
(see Chapter 19). 

Among azimuthal projections, the confor­
malone is the stereographic. When based on 
a sphere, the stereographic is formed as a true 
projection to a tangent plane from a diametri­
cally opposite point (see Figure 18-23). The 
polar case is used in the military grid systems 
(Chapter 19). The oblique case has also been 
chosen for plane coordinate systems in a few 
places, including New Brunswick and Prince 
Edward Island. 

Figures 18-20, 18-21, 18-22, 18-23, and 18-24 
illustrate five map projections and show how a 
particular triangle projects on each. The an-
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Figure 18-20. Cylindrical equidistant projection of the 
western hemisphere. Great circle routes joining Anchor­
age, Madrid, and Buenos Aires are plotted on this and the 
following four figures; in each case, the central meridian 
is 90° W. (From P. W. McDonnell,jr., 1979, Introduction to 
Map Projections, New York: Marcel Dekker, with permis­
sion.) 
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FJg1II't! 18-21. Equal-area sinusoidal projection of the 
western hemisphere. 
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FJg1II't! 18-22. Conformal Mercator projection. Angles 
formed where great circles meet are equal to correspond­
ing angles on earth. 

Figure 18-23. Conformal stereographic projection cen­
tered on the equator; meridians and parallels are perpen­
dicular. 

Figure 18-24. Gnomonic projection centered on the 
equator and 90° W. with graticle lines at 15° intervals. The 
projection extends to infinity in all directions. but it offers 
the unique advantage of displaying any great circle as a 
straight line. 



gles at each apex are the same (not deformed) 
in the conformal projections shown in Figures 
18-22 and 18-23. 

NOTE 

1. McDonnell, P. W., Jr. 1992. Introduction to Map 
Projections, 2nd ed. Rancho Cordova, CA: Land­
mark Enterprises. 
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19---
Plane Coordinate Systems 

R. B. Buckner 

19-1. INTRODUCTION TO PLANE 
COORDINATE SYSTEMS 

It has been common practice for surveyors to 
use rectangular (X- and Y-) coordinates in 
surveys. Coordinates are useful in the design 
and layout of subdivisions, layout of construc­
tion control, computation and plotting of tra­
verses, surveying of land boundaries, establish­
ment of mapping control, etc. All too often, 
however, surveyors have used arbitrary coordi­
nate systems, resulting in thousands of differ­
ent surveys referred to thousands of unrelated 
origins. These independent systems are useless 
for any purpose other than the original one­
Le., the data cannot be conveniently plotted 
on a map made by others or stored in a data 
bank or land information system. They cannot 
be used to relate land boundary corners to 
each other in adjacent areas, to tie together 
public works geometrically over large areas, or 
as control survey reference systems for any 
purpose except the single one for which they 
were created. 

The systems described in this chapter were 
designed to provide single systems for very 
large regions and overcome the disadvantages 
of independent systems. The described systems 

454 

were designed to eliminate the need for a 
knowledge of geodesy, despite the fact that the 
systems cover very large regions. The state 
plane coordinate system, in particular, was in­
tended to be adopted by private surveyors and 
government agencies for horizontal control as 
used in land, construction, topographic, and 
other surveys. 

Three systems are discussed: (1) the state 
plane coordinate system (hereafter referred to 
as SPCS or SPC), (2) the universal transverse 
Mercator system (UTM), and (3) the universal 
polar stereographic system (UPSS). These can 
be considered actually only two systems 
-namely, the SPCS and UTM-UPSS. 

The SPCS divides the United States into 
large zones, each one covering an entire state 
or a proportion of a state. Zones are bounded 
by either state lines or county (parish in 
Louisiana) lines within states. The UTM-UPSS 
divides the entire world into 62 zones, each of 
them much larger than those of the SPCS. 
Zone boundaries are lines of latitude and lon­
gitude. This latter system was not developed 
for surveying purposes. It was originally devel­
oped as a military grid system following World 
War II, but has been widely used for civilian 
purposes by many countries, including the 



United States. The main focus in this chapter 
will be the SPCS, it being more directly used 
by sUIVeyors, but a general description of the 
UTM-UPSS will also be given. 

Material in Chapter 13, especially as related 
to ellipsoids and the geoid, will be helpful in 
the study of this chapter. The information 
material in Chapter 18 related to projection 
surfaces and Chapter 23 related to horizontal 
control sUIVeys and datums will also be help­
ful. Some sections of Chapters 11 and 12 and 
Chapter 17 also relate to the subject matter of 
this chapter. 

19-2. STATE PLANE COORDINATE 
SYSTEMS 

19-2-1. Development of the 
State Plane Coordinate 
Systems 

The State Plane Coordinate System of 
1927 

Prior to the 1980s, the SPCS was referenced 
to latitudes and longitudes based on the North 
American Datum of 1927 (NAD27), which are 
positions resulting from mathematical adjust­
ments of the North American Datum, made 
around 1927. At that time, a reference ellip­
soid called the Clarke Spheroid of 1866 was 
used. This ellipsoid had been in use for many 
years and was devised with parameters (semi­
major and semiminor axes) and a physical 
center designed to closely fit the North Ameri­
can continent. 

The SPCS began in 1933 at the suggestion 
of the North Carolina Highway Department. 
Until then, the triangulation stations of the 
U.S. Coast and Geodetic SUIVey (USC and GS), 
established at the taxpayers' expense, were not 
serving a sufficiently broad purpose. Their 
positions were expressed solely in spherical 
coordinates (latitudes and longitudes) and a 
highway department or other sUIVeying and 
mapping organization could only tie its work 
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to the high-order control network by becom­
ing involved in the complexities of geodesy. 
The USC and GS proceeded to design a rect­
angular system for each state. o. S. Adams, a 
mathematician with the USC and GS, is cred­
ited with developing the mathematics for the 
first systems. 

With plane coordinate systems developed 
for them, many states enacted statutes that 
legally adopted the mathematical definition 
and name of their system. In these states, the 
coordinates may be used in a land description 
merely by referring to the system by name and 
stating X- and Y-values. However, such laws 
simply made it possible to use coordinates as 
part of a land description; they did nothing to 
encourage or require their use in descriptions 
or as mathematical reference ties to preseIVe 
corner evidence, or employment of the system 
for mapping control or other general use as a 
measuring and computational tool. Although 
the SPCS has been used very little in property 
sUIVeying, it has been used more extensively in 
applications such as highway engineering, 
photogrammetric control for mapping, gen­
eral control sUIVeying, and mining sUIVeying. 

The State Plane Coordinate System of 
1983 

During the 1960s, with electronic distance 
measurements becoming more common, ties 
to SPC monuments also became more com­
mon. These sUIVeys, with their wider extent 
and accuracy, began to detect inaccuracies in 
the published positions of the official control 
monuments. Because of this and other reasons 
such as the need for higher accuracy of a 
worldwide scope for satellite tracking and mis­
sile ranging, the USC and GS began to discuss 
a readjustment of the existing control and 
adoption of a different reference ellipsoid. 
The project began officially in 1974 by the 
National Geodetic SUIVey (the NGS evolved in 
1970 from the USC and GS) and was com­
pleted in 1986. It involved the solution of 
928,735 simultaneous equations using over 
266,000 control stations in the United States, 
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Canada, Mexico, and Central America. Not 
only were the data readjusted for a better 
mathematical "balance," but also a new ellip­
soid was adopted, more suited to worldwide 
use than the Clarke Spheroid of IS66. In 
comparison to the Clarke Spheroid, the newer 
ellipsoid, called the Geodetic Reference System of 
1980 (CRSSO), has slightly different parame­
ters (value of major and minor axes) and it is 
geocentric (earth's center of mass is its center). 
The differences between these ellipsoids are 
discussed in Chapter 13. The readjustment, 
along with adoption of the CRSSO ellipsoid, 
has now created the North American Datum of 
1983 (NADS3). 

The combined effects of the readjustment 
and change in reference ellipsoid caused 
shifts in the latitude and longitude of existing 
control points and any other points referenced 
to the system. Naturally, the X- and Y­
coordinates of the points also changed since 
plane coordinates are mathematically related 
to geodetic positions. Typically, the shifts in 
coordinates have been under 50 m in most of 
the United States, but range as high as 100 m 
in the extreme western states and over 100 m 
in parts of Alaska. 

Utilizing Both SPCS27 and SPCS83 

Surveyors must recognize that since differ­
ences exist between NAD27 and NADS3, there 
are now two state plane coordinate systems, 
designated as SPCS27 and SPCSS3, each being 
based on the respective adjustment and ellip­
soid used at the two different points in time. 
Ideally, a complete shift should eventually be 
made to NADS3. But, the shift may never be 
complete because of the very large number of 
old coordinates in files that would need to be 
converted to NADS3. 

Although the theory, mathematics, projec­
tion surfaces, and basic nature of SPC are the 
same in both SPCS27 and SPCSS3, and learn­
ing one or the other is not particularly compli­
cated, the differences between the two must 
be understood. Besides the fact that the geo-

graphic positions of all points shifted, there 
are some minor changes in a few terms, sym­
bols, and other details. One immediate dif­
ference that will be noted is that SPCSS3 coor­
dinates are published in meters, whereas 
SPC27 coordinates were given in feet. Since 
there was a movement in this country during 
the 19S0s to gradually shift to the metric sys­
tem and the meter has been the official stan­
dard of measurement in the United States 
since the 19th century anyway, it was decided 
that new coordinates should be published in 
meters. Another difference is that azimuths 
were reckoned from the south end of the 
meridian in NAD27, but are reckoned from 
north in NAD83. Other important differences 
between SPC27 and SPC83 will be revealed as 
the systems are described in the following sec­
tions. Transformations between NAD27 and 
NAD83 coordinates are covered in Section 
19-2-8. 

Impact of Global POSitioning Systems 
onSPC 

During the late 1980s, global pOSItIOning 
systems (CPS) became more widely used for 
the accurate positioning of new control sta­
tions. These systems have begun to detect small 
inaccuracies in the 1983 readjusted values of 
existing control stations, much as EDM found 
errors in NAD27 values during the 1960s. Al­
though the errors are much smaller than those 
causing concern prior to NADS3, various pro­
grams have begun, some on a state level, to 
use CPS to set a standard. The result is that 
values of existing stations may be shifted in 
these areas from their NAD83 adjusted values. 
Called "supernet," these 1: 1,000,000 preci­
sion networks utilize existing high-order con­
trol stations when accurate CPS positions have 
been determined and adjust other control sta­
tions within the region, based on these posi­
tions. For example, Tennessee has now been 
covered by such a network of CPS stations, 
creating what has been called SPC83/90 coor­
dinates in Tennessee. Similarly, Florida has 
such a system. Maryland's is called SPC83/91, 



the last number in the designation being the 
year of completion of the revision to SPC83. 
Thus, we actually have three sets of coordi­
nates to consider in some areas: SPC27, SPC83, 
and SPC83/9? These programs were ongoing 
at the time of writing and their impact was not 
fully realized. Typically, the shifts to SPC83 
positions so far have been in the range of 0.4 
to 0.7 m using the GPS supernets. 

19-2-2. Applications and 
Advantages of spes 

State plane coordinates can be used in 
geodetic control surveys, property surveys, en­
gineering and construction surveys, mining 
surveys, topographic and other mapping sur­
veys, land subdivision design, land information 
systems, hydrographic surveys, highway and 
street design, utility and infrastructure design 
and maintenance, and general urban and re­
gional planning. Whenever the property cor­
ners, control corners of transportation and 
utility systems, prominent cultural and natural 
features, and any underground workings have 
all been accurately located on the same repro­
ducible coordinate system, all can be mapped 
using one mapping base and interrelated on 
the ground for location and design purposes. 
Positioning underground features (such as 
buried gas mains and mining shafts and tun­
nels) on the SPCS add a safety feature since 
accurate positioning with respect to the ground 
surface gives information on where to dig or 
avoid digging. The SPCS has a significant ap­
plication as a measuring and control survey 
tool for land boundary analysis and other 
purposes, as will be discussed as one of its 
advantages. 

It is ironic that the original supposition that 
SPC would be used to describe property cor­
ners and be the basis for legislation on SPC 
has not been accepted by land surveyors as an 
advantage of the system. Rejection or low ac­
ceptance on this basis, however, should not 
preclude recognition of the many other ad­
vantages of the system in land surveying and 
other applications. Some of these important 
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advantages of the SPCS are summarized as 
follows: 

1. Mter SPCs have been established for a par­
ticular property corner, the corner has a 
higher degree of permanence. If the monu­
ment making the corner becomes list, it can 
be reestablished from any nearby points hav­
ing accurate and known coordinates. Thus, 
SPCs provide an essentially indestructible 
reference tie (as distinguished from the con­
cept of coordinates as part of the land de­
scription), the usefulness as such being pro­
portional to the density of monumentation 
and accuracy of the system and the measure­
ments made to reference the corners to the 
system. 

2. In a manner similar to the preservation of 
corner positions by making SPC reference 
ties, use of the grid meridian of SPC pro­
vides an accurate and reproducible refer­
ence meridian for surveys. This aids specifi­
cally in the retracement of boundaries and 
overall permanence. This advantage exists 
even without making ties to control monu­
ments since an SPC grid meridian can be 
determined through the use of astronomy. 

3. When SPCs have been determined on prop­
erty corners and/or the grid meridian used 
as a reference on property surveys in an 
area, all land boundaries in adjacent areas 
are easier to relate to each other. This aids 
in performing boundary retracements or de­
scribing land. 

4. The system is useful as a measuring tool over 
large regions, since coordinate geometry is 
useful in the analysis and layout of land 
boundary and other positions. Several types 
of indirect measurements can be made em­
ploying a combination of traverse, intersec­
tion, resection, and other triangulation­
trilateration schemes. 

5. Long traverses, such as those for route sur­
veys, may be closed on distant control sta­
tions rather than by doubling back for loop 
closures, saving time and increasing overall 
efficiency. 

6. SPCs are useful as photogrammetric and 
other mapping control systems, as well as for 
locating planimetric details for such maps 
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and for the grid lines used on the maps for 
scaling purposes. 

7. Public works agencies, planning commis­
sions, utility companies, and others who deal 
with surveying and mapping can operate 
more efficiently if all survey work is tied to a 
common horizontal datum. This advantage 
results in much the same way that having a 
common vertical datum for elevations as­
sures higher efficiency in dealing with de­
sign and other projects. 

8. As the systems are utilized and densified, 
they can evolve to a point of even higher 
efficiency and usefulness as related to the 
development of multipurpose cadastral or 
land information systems for general plan­
ning, large-scale mapping, design and main­
tenance of the infrastructure, and other pur­
poses related to land parcel and other 
records. 

19-2-3. The Basics of State 
Plane Coordinate 
Systems 

Each zone of a SPCS is an area covering an 
entire state or part of a state. Within each 
zone, surveyed points located on the surface of 
the earth are projected to "developable" sur­
faces-i.e., surfaces that can be "rolled out" 
into a plane. The two surfaces are a cone and 
cylinder. The conical projection used is called 
the Lambert conformal conic projection. The 

cylindrical projection is termed the transverse 
Mercator (see Chapter 18 for a discussion of 
these projections). Typically, the conical pro­
jection is used in states that are long in an 
east-west direction because the standard lines 
(Section 18-7) are parallels of latitude. The 
cylindrical projection is used largely in states 
that are long in a north-south direction since 
standard lines run nearly north-south (Section 
18-13). 

Figures 19-1a and 19-2a show the basic con­
cepts of these two projections. Conformal pro­
jections are actually mathematically derived 
but the figures are sufficient for explanation. 
One zone (for southeast Alaska) uses an 
oblique Mercator projection that is not dis­
cussed here. Confonnality is described in 
Section 18-11. 

Figures 19-1 and 19-2 show a cone and 
cylinder covering a large portion of the earth 
rather than actual zones that are, as stated 
earlier, limited to a single state or region. In 
order to create each zone, the cones and 
cylinders are placed in many different loca­
tions such that standard lines {lines AB and 
CD in Figures 19-1 and 19-2} are centered on 
each respective zone and slightly within it. In 
the figures, the circle depicts the reference 
ellipsoid. 

Zones vary somewhat in width, and thus the 
conical and cylindrical parameters vary. The 

(b) 

Figure 9-1. (a) Conic surface on earth. (b) Developed cone. 
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Figure 19-2. (a) Transverse cylinder on earth. (b) Developed cylinder. 

cone and cylinder both intersect the ellipsoid 
slightly. This allows zones to be wider than if 
the figures were made tangent to the ellipsoid. 
This point will perhaps be more clear when 
scale factors are discussed. 

Distances lying along the standard lines are 
the same on both the ellipsoid and projection 
surface (cone or cylinder). Within the stan­
dard lines, a distance projected from the ellip­
soid to the projection surface becomes smaller 
if the line lies between the standard lines. This 
is what is meant by "scale < true" in the fig­
ures. For the small portion of a zone lying 
outside of the standard lines, the opposite is 
true; thus, "scale > true." 

Both the developed cone and developed 
cylinder have a central meridian (not shown in 
the figures) that constitutes the Y-axis of a 
plane coordinate system and is assigned a large 
X-coordinate (Easting) so that negative X­
coordinates are avoided at the western ex­
tremes of each zone. The Lambert system of 
SPCS27 usually has a value of 2,000,000 ft 
assigned to this meridian, whereas 500,000 ft is 
most common in the TM system. Commonly 
used values for this meridian in SPC83 are 
600,000 m in Lambert zones and 200,000 m in 
TM zones, although much variation exists in 
these values among the various states. The 
X-axis is placed well to the south of a zone and 

assigned a Y-coordinate (Norlhing) of zero. 
Thus, a rectangular grid is simply superim­
posed on the developed cone or cylinder. 

A grid superimposed on the developed 
plane, shown in Figures 19-1b and 19-2b, cre­
ates a reference direction called grid north 
that differs from geodetic north, except on 
the central meridian. The "true" (the term 
geodetic or astronomic is preferred) meridians 
converge toward the central meridian as they 
go north in both kinds of zones. Convergence 
will be discussed further in later sections of 
this chapter. 

In the original design of the SPCS, it was 
decided that no distance as measured and 
projected to the ellipsoid should differ from 
the distance as projected to the projection 
surface by more than 1 part in 10,000. This 
design was apparently decided based on the 
assumption that practicing surveyors, using 
transit and tape, would normally not do work 
better than about 1 part in 5000, and if they 
neglected the "scale factors" (ratio of the two 
mentioned distances), no serious errors would 
be introduced. This meant that (as can be 
proved mathematically) zones in either the 
Lambert or TM systems could not have a total 
width of more than about 158 mi. In fact, if it 
is assumed that the appropriate corrections 
would always be made and users could deal 
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with larger differences between actual ground 
positions and projected positions, zones could 
have been made much wider, thus reducing 
the number of zones in each state. Apparently 
assuming that the mathematics and discrepan­
cies would be handled properly, three states 
(Montana, Nebraska, and South Carolina) 
changed their SPCS27 from multizone to only 
one zone in each state for SPC83. 

19-2-4. Referencing Surveys to 
the State Plane 
Coordinate System 

When very low-order accuracy might be 
sufficient, surveys could be tied to SPCS by the 
same methods used with the more limited 
single-survey control systems. For most work, 
however, there are a few additional refine­
ments to consider. (1) The measured horizon­
tal distances must be projected to the refer­
ence ellipsoid, and (2) the ellipsoid distances 
must next be projected to the projection sur­
face. In addition, whether these two refine­
ments are neglected or not, grid direction 
must be employed in order to have any rea­
sonable approximation of SPC after the survey 
is completed. The care used in determining 
each of these three factors is dictated by the 
accuracy required in the resulting coordinates. 
In any case, it should be recognized that after 
attending to these variables, computations for 
coordinate differences (departures and lati­
tudes), coordinates, areas, and other coordi­
nate geometry are no different than those on 
any plane surface. 

Variable 1 cited above results in what was 
formerly called a sea-leuel factor (SPCS27) and 
is now called an ellipsoidal factor (SPC83). A 
general term used to describe either of these 
is "elevation factor." Variable 2 results in a 
scale factor (see Section 18-4). The elevation 
factor multiplied by the scale factor results in a 
grid factor, sometimes called grid combination 
factor or simply "combination factor." These 
concepts are depicted in Figure 19-3a. In this 
figure, the projection surface (either a cone or 
cylinder) contains the plane coordinate grid. 

It is shown passing through two standard lines, 
where the scale factor is 1.00000, and cutting 
the earth's surface, where the grid factor is 
1.00000. The grid factor is smallest for a sur­
face distance measured in the center of the 
zone. This distance must be reduced to the 
ellipsoid and then further to the projection 
surface (grid). The grid factor is shown as 
1.00000 at a point where a surface distance 
must first be reduced because of its elevation 
but then increased by a like amount because it 
lies beyond the standard parallel. In most 
states, the zone is limited by the initial design 
decision to keep scale factors between 0.99990 
and 1.00010. At the ocean shore, just beyond 
the zone in Figure 19-3, the elevation factor 
would be 1.0000. 

Horizontal distances measured at the local 
elevation must each be multiplied by their 
respective grid factors so as to have each dis­
tance on the projection surface for computa­
tions on a plane. It should be realized that this 
factor is very close to 1.0000 and varies with 
the ground elevation of the line above the 
ellipsoid and location of the line with respect 
to the standard lines. 

Besides correcting distances to their equiva­
lent length on the grid, azimuths must be 
oriented to the grid system of the zone where 
the survey lies. This involves either using az­
imuth marks placed in conjunction with the 
SPC monuments or determining azimuths as­
tronomically and correcting them for conver­
gence and other factors. 

The above factors and how to determine 
them are further explained in the following 
sections. 

Elevation Related Factors 

As can be seen from Figures 19-3a and b, 
there is a difference between the way elevation 
is handled in SPCS27 and SPCS83. The ellip­
soid used for NAD27 was designed to fit North 
America closely, resulting in a very small dif­
ference between the position of the ellipsoid 
and geoid at any location. At Meade's Ranch, 
Ks, the geoid height (height of the geoid above 
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FIgUre 19-3. (a) Cross section of a 
state coordinate zone. ·Note: This 
surface is more properly called the 
"geoid." Furthermore, the geoid 
height, which is too small to illus­
trate clearly in the sketch, should be 
considered when using SPC83. See 
the text and Figure 19-3b for more 
of an explanation. (b) Reduction to 
the ellipsoid (shown with a negative 
geoid height). (NOAA Manual NOS 
NGS-5 State Plane Coordinate Sys­
tem of 1983.) 
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the ellipsoid) was set to zero. It was never 
above 12 m anywhere in the United States. 
Thus, the ellipsoid and geoid were considered 
to coincide, for all practical purposes, and the 
surface was simply called "sea level." With the 
GRSSO used in NAD83, the geoid heights are 
more significant across the United States, so 
they should be considered. In essence, eleva­
tions being referred to the geoid (sea level) 
should undergo another small correction to 
the ellipsoid when using SPCS83. 

Figure 19-3b shows the geometry and equa­
tions. In this figure, h is simply the average 
ground elevation when using SPCS27, but it is 
H + N when using SPCS83, as shown. Since 
the geoid height in the conterminous United 
States is negative, the figure is drawn to show 
the geoid below the ellipsoid, depicting the 
situation for most of the country. In Alaska, 
the ellipsoid is below the geoid, resulting in 
positive geoid heights. Geoid heights are given 
in control station description sheets for SPC83. 

Scale Factors 

Scale factors change with changes in lati­
tude in Lambert zones and with easting (X­
coordinate) or longitude in TM zones. Actu­
ally, scale factors are constant only at specific 
points and so changes along lines must be 
considered. Usually, the mean latitude of a 
line can be used in Lambert zones and the 
approximate mean easting in TM zones. Scale 
factors were formerly listed as a function of 
these variables in SPC projection tables pub­
lished by the NGS for each state, applicable to 
SPCS27. As of this writing, the NGS had not 
published tables for NAD83 scale factors on 
the TM system, but had done so for the Lam­
bert system. New publications accompanying 
SPCS831 suggest another means, using equa­
tions instead of interpolation from tables, to 
determine scale factors in both systems. Al­
though the equations are simple, computer 
programs have been made available from NGS 
for determining these factors. Except in the 
case of the three states that changed zone 
systems, the NAD27 tables are still close 

enough, in most cases, for extraction of scale 
factors for the Lambert system. This point will 
be further clarified in Section 19-2-5. Exam­
ples later in this chapter will explain the calcu­
lation and use of scale factors. 

Grid Factors 

The grid factor for a survey line is simply 
the product of the elevation factor and scale 
factor for the line. It is a matter of preference 
as to whether elevation factors and scale fac­
tors are considered separately or combined 
into one grid factor. The results on distances 
are the same. 

Grid Directions and Convergence 
Angles 

As was discussed in Section 19-2-3, geodetic 
("true") north and grid north coincide only 
along the central meridian in each zone. At 
other locations east or west of the central 
meridian, geodetic north converges toward the 
central meridian. The amount of convergence 
is proportional to the distance from the cen­
tral meridian. Grid meridians are parallel, 
whereas geodetic meridians are not. True 
north cannot be used in plane surveying sys­
tems without resulting errors due to meridian 
convergence. Figure 19-4 depicts the concept 
of convergence. 

If a survey starts and ends on a SPC monu­
ment having a reliable nearby azimuth mark 
with a published, accurate azimuth, or sight­
ings can be made to another SPC station from 
the starting station, convergence does not have 
to be considered. Angles are then simply bal­
anced between the known grid azimuths and 
accurate, adjusted grid azimuths computed on 
all survey lines between the azimuth check­
points. But, if neither a terrestrial azimuth 
mark nor another SPC monument can be 
sighted for azimuth control at the desired lo­
cations, grid azimuths must be determined 
astronomically using the sun or a star, or gyro 
system, and the astronomic azimuths cor­
rected to grid azimuths. The relationships 
among astronomic, geodetic, and grid az-
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Figure 194:. Traverse line with a negative convergence. 

imuth are as follows: 

Grid azimuth = geodetic azimuth 

- convergence d + (t - T) (19-1 a) 

Geodetic azimuth = astronomic azimuth 

+ Laplace correction (I9-1b) 

The convergence or mapping angle was called 
(J in the Lambert system and Il a in the TM 
system in SPCS27, but is now referred to as 'Y 
in both the Lambert and TM systems for 
SPCS83. It will be generally termed "conver­
gence Il" in this discussion. In the Lambert 
system, 

Convergence d = I X d'\ (19-lc) 

where l is a constant for a zone and Il A = the 
longitude of the central meridian minus the 
longitude of the station. In the TM system, 

Convergence d = dA X sin cP + g (I 9-1 d) 

where cp = the latitude of the station, Il A is as 
defined above, and g is a value that varies with 
IlA and cpo Since g is less than 0.1", even for 
lines several miles long, it will not be consid­
ered further in the discussion in this chapter. 

The t - T correction (otherwise known as 
the arc-to-chord correction or second difjrence) 
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is an angular correction to the geodetic az­
imuth, being the difference between the 
pointing observed that on the ellipsoid (gener­
ally the same as on the ground) and on the 
grid. Figure 19-5 depicts the t - T correction. 
The magnitude of t - T is greatest for long 
lines near the edges of SPC zones. It is about 
1" of arc for a line approximately 3 mi long, 
near the edge of a zone and oriented parallel 
to the standard lines. Its importance, in terms 
of overall survey accuracy, is discussed in 
Section 19-2-5. Its evaluation is explained in 
Section 19-2-9. 

The Laplace correction is caused by deflec­
tion of the vertical, which is the angular de­
flection between the plumb line and a line 
perpendicular to the ellipsoid at a point (see 
Chapter 13 for a discussion of deflection of 
the vertical). More specifically, 

Laplace correction = 1/ tan cP (I9-le) 

where 

1/ = deflection of the vertical in the prime 

vertical (east-west) component 

cP = the latitude of the point 

A Manual on Astronomic and Grid Azimuth2 lists 
values for Laplace corrections at approxi­
mately 3000 stations throughout the United 
States. Estimates can be made from this listing 
or data provided by the NGS. An NGS com­
puter program ("Deflect 90"), e.g., yields 
Laplace corrections with input of latitude and 
longitude. Control station descriptions for 

Perry 

-- .... 

Y. line---

........... ,.- P'D/~C'ed geodef,c lin~ ............ 
" " " " " .. 

FJgUn! 19-5. Effect of t - T correction. Solid lines are 
grid lines and appear straight when plotted on grid. 
Dashed lines are projections of geodetic lines and corre­
spond to lines of sight. (Reprinted with permission). 
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SPCS83 contain either an estimate of the 
Laplace correction at the station or other 
astro-geodetic deflections (i.e., deflections of 
the verticaI), from which Laplace corrections 
can be calculated using Equation (19-1e). If 
such a station is within a few miles of the place 
where an astronomic azimuth is being deter­
mined, the value given on the station descrip­
tion is probably close enough to use in the 
nearby areas. Additional comments are made 
on this point in Section 19-2-5. 

Techniques for the determination of astro­
nomic azimuth are covered in Chapter 17 and 
also the manual cited above. 

Types and Uses of SPC Control Data 

The NGS frequently modifies the format 
and content of SPC control data as SPCS83 
evolves in its uses by the surveying and map­
ping community. For this reason, the exact 
format and availability of some types of data 
may vary somewhat from what is described 
here. The data are of several types. As of this 
time of writing, SPC information can be ob­
tained from the National Geodetic Informa­
tion Center (see Appendix 2). 

Anyone can subscribe to National Oceano­
graphic and Atmospheric Administration's 
(NOAA) automatic mailing service by complet­
ing a form that can be requested by writing to 
the address given in the appendix. Subscribers 
receive periodic notices of availability of new 
or revised data for their particular area of 
interest. The important types and forms of 
information are as follows. 

1. GEODETIC CONTROL DIAGRAMS. These 
diagrams show geodetic control established by 
federal surveying and mapping agencies and 
various state and local governments. The most 
common diagrams are depicted as overlays on 
USGS topographic maps and cover the conter­
minous United States and Hawaii. Each of 
these maps covers an area of 10 latitude by 20 

longitude, at a scale of 1 : 250,000. Another 
series, at a scale of 1 : 500,000 is produced for 
Alaska. Other control diagrams, at larger 

scales, have been produced for the coastal 
regions of the United States. 

Control diagrams are useful for identifying 
the names and general locations of triangula­
tion and traverse stations in the region cov­
ered on each map, and for planning the lay­
out of local horizontal control systems, and 
thus are an important starting place for refer­
encing local surveys to SPC. 

2. GEODETIC CONTROL DATA. The princi­
pal data given on these data sheets are the 
final adjusted SPC83 coordinates for each 
named station, including latitude, longitude, 
and the plane X- and V-coordinates (listed as 
easting and northing, respectively, on the data 
sheets). Also listed for each station are the 
name of the zone in which the station lies, the 
convergence angle and scale factor at the sta­
tion, and the elevation and geoid height of the 
station. These data sets are published for 10 by 
20 blocks, corresponding to the areas depicted 
on the geodetic control diagrams. 

These data sheets are useful for making 
computations related to horizontal control in 
a region, since they list the coordinates and 
other numerical data pertinent to each sta­
tion. But, they do not contain the details nec­
essary to find or fully utilize the stations in the 
field. This information is found in the station 
data sheets. 

3. STATION DATA SHEETS. A station de­
scription is printed for each horizontal control 
station listed in the geodetic control data. 
These sheets contain the information neces­
sary to find each station and other descriptive 
physical aspects of the monuments and the 
azimuth mark and reference marks associated 
with them. They also contain station mark 
history and station recovery information. The 
data given on the geodetic control sheets are 
all repeated on these data sheets, but more 
complete'data are given. These data include 
reference to the USGS quadrangle sheet where 
the station lies, distance and direction to each 
reference mark and azimuth mark from the 
control monument, method of establishing the 
control and order of accuracy, the shift in 



pOSluon between NAD27 and NAD83, both 
the SPC and UTM data, deflection of the 
vertical, standard errors estimated for most 
variables listed, and possibly other data that 
might be available for a particular station. 

The coordinates have begun to be listed as 
northings and eastings, a departure from the 
traditional, mathematical designation of 
Cartesian coordinates as X and Y, and the Y 
is listed before the X. This change may cause 
some confusion for individuals who have been 
accustomed to working with coordinates in a 
mathematical (algebraic and analytical geome­
try) sense and who recognize the more logical 
alphabetically ordered listings. For purposes of 
consistency with the world of mathematics and 
clarity in the equations utilized in algebra and 
geometry when referring to plane coordinate 
systems, this author emphasizes the X - Y 
designations in this chapter. 

These data sheets are the primary reference 
sheets needed for utilizing horizontal geodetic 
control. From these, the surveyor should be 
able to determine all necessary information to 
reference local surveys to a particular control 
station. 

4. PROJECTION TABLES. The NGS pub­
lishes plane coordinate projection tables for 
each SPC zone. The tables give ellipsoidal 
constants and projection-defining constants for 
the zone, and other information. The tables 
for SPCS83 differ from those of SPCS27. Here 
we will not go into an in-depth discussion of 
how to use the tables, the user being referred 
to previously cited NOAA Manual NOS NGS-5 
for an explanation of the listings and their 
use. The tables for the Lambert system list 
scale factors and other values for each zone in 
a manner similar to what was formerly done 
for SPC27. However, the tables for the TM 
system do not list these values in the same 
straightforward manner and the notation is 
not explained. The above-mentioned manual 
must be consulted in order to use the tables. 

5. MANUALS AND REFERENCES. In order to 
use SPC monumentation and data, various 
other references need to be consulted. The 

Plane C()(JT'dinate Systems 465 

above-mentioned manual is most important 
because it contains tables that supplement the 
projection tables specific to each zone and 
various equations and theories that go beyond 
the explanations in this short treatise. Its 
counterpart for SPCS27 is Special Publication 
No. 235, The State Coordinate Systems.3 Some 
other references, listed at the end of this chap­
ter, may be helpful in understanding SPCS 
and its use. 

19-2-5. Precision and Accuracy 
Needed in SPC 
Variables 

The precision and accuracy of the elevation 
factors, scale factors, and other variables asso­
ciated with SPCS naturally affect the precision 
and accuracy of coordinates, just as random or 
systematic errors in measurements would. The 
specifications for each survey dictate the care 
that must be used in determining these factors 
for each survey. Each variable should be inves­
tigated and error propagation theories ap­
plied, the results of such investigation being 
tested against the precision and accuracy re­
quirements of the survey. In many cases, an 
average grid factor can be used for an entire 
survey, especially when the survey area is rela­
tively small and the elevations are nearly con­
stant. In other instances, an average scale fac­
tor might be used, but elevation factors may 
have to be changed with each line as topogra­
phy changes. Each situation is different and 
the surveyor, as measurement analyst, must 
decide what is required. For a complete un­
derstanding of the concepts of measurement 
analysis, Suroeying Measurements and their Analy­
sis should be consulted. 

Although the following suggestions are ad­
mittedly not based on a rigorous error analy­
sis, they do have a good theoretical basis, III 

relationship to "ordinary" surveying work. 

PreCision and Accuracy of Elevation 
Variables 

Geoid heights are around - 30 to - 36 m 
in the states east of the Mississippi, vary to a 
minimum of about -10 m in the Rocky 
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Mountain region, and are somewhat larger in 
the remainder of the western conterminous 
states. A good approximation in most of the 
eastern states would be - 100 ft. Simply sub­
tracting 100 ft from ground elevations in these 
states would shift the ellipsoid and geoid to an 
average separation of no more than what ex­
isted with NAD27 (separations varying from 0 
to 12 m) and closer in most instances. 

For most survey work, the elevation can be 
determined by interpolation between contour 
lines on a USGS or larger-scale map. Nor­
mally, the mean elevation of the two ends of a 
survey line is sufficiently accurate for determi­
nation of the elevation factor. 

A combined error of 20 ft (6 m) in the 
elevation and geoid height causes an error of 
only 1 part in 1,000,000 or about 0.01 ft in a 
10,000-ft length. The surveyor should check 
the geoid heights in the region of the survey 
and further investigate the precision needed 
in elevation and geoid height for various accu­
racy requirements before deciding on any ap­
proximations. 

The mean radius of the earth R can be 
approximated as 20,906,000 ft or 6,372,150 m 
for both SPCS27 and SPCS83 with no signifi­
cant error resulting in elevation factors. 

The recent adjustment to the National 
Geodetic Vertical Datum (called NGVD88) does 
not affect the computation of ellipsoid factors 
or anything else related to SPC. The maxi­
mum differences between elevations of bench 
marks before and after this adjustment are 
about 1.5 m, and generally the differences are 
much less. This amount, as can be seen from 
the above discussions, has negligible effects on 
elevation factors. 

Care in Determining Scale Factors 

The shifts in positions between NAD27 and 
NAD83 seldom exceed 1 second of arc in 
either latitude or longitude. Such shifts do not 
affect the scale factors by more than 1 part in 
10,000,000 or even 1 part in 1,000,000 in the 
worst shot situations in Alaska and the ex­
treme western part of the conterminous United 

States, near the edges of a zone. For this 
reason, the SPCS27 tables for scale factors can 
be used for SPCS83 (Lambert system only) 
without any appreciable error. The round-off 
error due to the fact that these tables list scale 
factors to seven decimal places is comparable 
to the errors due to a shift in datum (seven 
decimal places for a number close to l.0000 
translates to about 1 part in 10,000,000). It 
would seem that this precision is sufficient for 
most survey work. When the equations listed 
in the previously cited NOAA Manual NOS 
NG-5 are used, all variables should be to 
enough significant figures to prevent intolera­
ble round-off error in grid distances. The use 
of these equations generally results in at least 
seven decimal places in scale factors. 

Scale factors change in a north-south direc­
tion in Lambert zones and east-west direction 
in TM zones. Scale factors change most rapidly 
near the edges of a zone, the rate of change 
gradually increasing from the zone's center 
toward its edges. Except for very long lines 
oriented in the direction of the changes in 
scale factor, however, the location and orien­
tation of a line within a zone are relatively 
unimportant. For example, an error of 1 part 
in 1,000,000 is introduced near the edges of 
most zones for a length oriented in the direc­
tion of the changes. 

Besides line length and the above variables, 
the accuracy in lengths and general scope of 
the survey are other variables affecting the 
precision required in both scale and elevation 
factors. 

Precision and Accuracy Requirements 
Related to Directions 

Considering the above discussion on the 
t - T correction and in view of the short-range 
nature of EDM used by most surveyors, we 
realize that this correction would not generally 
need to be considered. It is usually negligible 
for most "ordinary" survey work. 

In most instances, particularly in mountain­
ous areas, the Laplace correction should not 
be considered negligible. Its magnitude should 



always be investigated. It is commonly under 
5" in flat areas near the coast and in the plains 
states, but often exceeds 5" in hilly country. In 
mountainous areas, it often exceeds 10" but 
rarely 20". However, it has been found to 
approach I' in certain areas in Alaska and can 
change rather abruptly in many areas. 

It may be realized that the consideration of 
only the convergence angle is necessary in 
situations where azimuth accuracies need to 
be no better than about ± 20 to ± 30". That 
is, the t - T and Laplace corrections might 
both be ignored if this is the specified accu­
racy of azimuths. In such situations, Equations 
{I 9-1 a) and (I9-1b) reduce to grid azimuth = 

astronomic azimuth - convergence A. How­
ever, when azimuths must be at least ± 5 to 
± 10", the Laplace correction should be con­
sidered. When azimuths with an accuracy of 
± 1 to ± 2" are desired, the t - T correction 
should be applied. 

19-2-6. Sample Traverse 

This example iIIustrates how SPC are used 
in a typical traverse. The field procedure is the 
same in either the Lambert or TM system and 
for SPCS27 and SPCS83. The differences be­
tween computational procedures using SPCS27 
and SPCS83 are minor and have been noted 
here. The following example uses the SPCS27 
in a Lambert zone. 

The traverse in Figure 19-6 consists of two 
sides, beginning at NGS triangulation station 
Bank and closing at Tower, a station estab­
lished by a county road department in Penn­
sylvania. The objective is to determine the SPC 
of station A. Elevations are as follows: 

Bank = 1763 ft according to NGS data 

A = 1340 ft estimated from USGS quad sheet 

Tower = 1542.77 ft according to county records 

The county falls in Pennsylvania's north zone. 
Data for station Bank include its latitude of 
41°48'30.000". Figure 19-6 shows the traverse 
extending generally to the south of station 
Bank. Scaling vertically down the page reveals 
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that station Tower is about 5000 ft south of 
station Bank. This corresponds to 50 sec of 
latitude (actually 1 sec of latitude equals ap­
proximately 101 ft). Thus, the average latitude 
ofthe traverse, to the nearest minute, is 41°48'. 
Another common way to obtain this figure is 
by scaling on a USGS quad sheet using the 
2t-min tick marks along the margins and inte­
rior of the sheet. 

Table 19-1 lists excerpts from projection 
tables for Pennsylvania that provide data for 
this traverse problem. Using a latitude of 
41°48' in the north zone, we find the scale 
factor to be 0.999979l. If we assume 1500 ft as 
an approximate average elevation, the sea-level 
factor is given in Table 19-2 as 0.9999283. The 
grid factor (Section 19-2-4) is the product of 
these two numbers-namely, 0.9999074. The 
significance of the last digit (4) is questionable 
because elevation was only approximate, but 
that digit is not needed anyway. Measured 
distances contain only six digits, and even the 
last of these is uncertain. A grid factor of 
0.999907 is adopted. 

Figure 19-6 shows an azimuth line at station 
Bank existing traverse line at station Tower, 
both as solid lines. Azimuths of these two fixed 
lines (from grid north) are shown using a solid 
clockwise arc. Dashed lines and arcs indicate 
measured quantities (two distances and three 
angles). The published data on stations Bank 
and Tower are as follows: 

Triangulation station Bank: 
X = 2,567,887.24 ft 
Y = 602,126.54 ft 
Azimuth to Bank azimuth mark 
= 291°11'07" from grid south 
(converted to north basis on drawing) 
Approximate elevation = 1763 ft 

Station Tower: 
X = 2,564,481.50 ft 
Y = 597,001.53 ft 
Azimuth to Station Pin 
= 298°23'09" from grid north 
(as published by the county) 
Elevation = 1542.77 ft 
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Figure HI-fi. Traverse to establish state coordinates of station A. 

The traverse computation has been carried 
forward in Tables 19-3 and 19-4 using the 
compass rule, but a least-squares approach 
could have been employed. For the compass 
rule, the steps involved are as follows: 

1. Distribution of the angular error of closure. 
This provides corrected grid azimuths for all 
traverse sides. Figure 19-6 illustrates that an­
gles to the right were measured. The misclo-

sure (or the difference between the given 
azimuth at station Tower and azimuth com­
puted by using the three measured angles 
and starting azimuth at Bank) was found to 
be -0°00'15". This error (misclosure) was 
distributed equally to the three angles, as 
noted in Table 19-3. Final grid azimuths are 
listed in column 6. 

Table 19-4 completes the traverse compu­
tation, using grid azimuths from the north. 
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Table 19-1. Excerpts from Pennsylvania projection tables 

Lambert Projection for Pennsylvania-North (Table I) 

y' Tabular Difference Scale in Units of 
y Value on Central for 1 sec of 7th Place Scale Expressed 

Latitude R (ft)* Meridian (ft) Latitude (ft) of Logs as a Ratio 

41°46' 23,628,092.47 582,957.90 101.21800 -106.9 0.9999754 
47 23,622,019.39 589,030.98 101.21850 -99.0 0.9999772 
48 23,615,946.28 595,104.09 101.21900 -90.8 0.9999791 
49 23,609,873.14 601,177.23 101.21933 -82.2 0.9999811 
50 23,603,799.98 607,250.39 101.22000 -73.2 0.9999831 

"Note: R as listed in these tables is not the radius of the earth. See Figure 19-7 for an explanation. 
Source: NGS Special Publication No. 267. 1968. Washington DC. 

Such grid azimuths are recommended over 
grid bearings because signs of the trig func­
tions will, in every case, give signs of lati­
tudes and departures. This is a convenience 
if trig functions are generated by a pocket 
calculator. 

2. Reduction of measured distances to grid dis­
tances. This was done in Table 19-4 by multi­
plying the values in column 3 by those in 
column 4. The resulting correction is 0.093 
ft per 1000 ft (smaller than 1 part in 10,000). 

3. Computation of latitudes and departures, 
columns 7 and 8. 

Table 19-2. Sea-level factors 

Elevation in Sea-Level 
n(m) Factor 

500 (152) ~.9999 761 
1000 (305) 0.9999522 
1500 (457) 0.9999283 
2000 (610) 0.9999043 
2500 (762) 0.9998804 
3000 (914) 0.9998565 
3500 (1067) 0.9998326 
4000 (1219) 0.9998087 
4500 (1372) 0.9997848 
5000 (1524) 0.9997608 
5500 (1676) 0.9997369 
6000 (1829) 0.9997130 
6500 (1981) 0.9996891 
7000 (2134) 0.9996652 
7500 (2286) 0.9996413 
8000 (2438) 0.9996173 

4. Computation of preliminary grid coordi­
nates. These are listed in Table 19-4, columns 
9 and 10. The preliminary X-coordinate of 
A, e.g., is 2,564,667.15. Misclosures in the X 
and Y directions are found by subtracting 
the given or fixed coordinates of station 
Tower from those obtained by traversing. 
The relative misclosure or ratio of precision 
is found to be 1 : 10,200. 

5. Coordinate adjustment by compass rule. Ad­
justments of the preliminary coordinates are 
computed in proportion to the accumulated 
traverse distance up to any given station. 
The adjustment of the preliminary X­
coordinate of A, e.g., is (-0.012X4.80) = 
- 0.06 ft, where 4.80 is the distance tra­
versed to A in thousands of feet. These 
corrections were applied in columns 9 and 
10 to obtain final state plane coordinates for 
station A. The full corrections ( - 0.08 ad 
- 0.62) applied at station Tower will, of 
course, give the fixed values written in previ­
ously. 

Note that the misclosures and adjustments 
are in the coordinate columns, whereas in a 
loop traverse (closing on itself), it is usual to 
list the misclosures and adjustments in the 
latitude and departure columns. (The algebraic 
sums of latitudes and departures are made to 
equal zero.) Incidentally, it is possible to apply 
the coordinate adjustment method to a loop 
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Table 19·3. Angular closure and adjustment 

3 
1 Azimuth to 

Station 2 Foresight 
Occupied Backsight Azimuth to 

Bank 
azimuth 

Bank Bank azimuth A 

A 

Bank 
A Bank Tower 

Tower 

A 
Tower A Pin 

Pin 

'Given. 

traverse as a special case in which the first and 
last stations in Table 19-4 are the same. 

A traverse in a transverse Mercator zone is 
handled similarly except that scale factors are 
tabulated for every 5000 ft of X distance from 
the central meridian, rather than every minute 
oflatitude. This X distance, called X', is zero 
at the central meridian. For any survey, the X' 
used is simply the difference between the aver­
age X-coordinate {found from coordinates of 
the control points or a USGS quad sheet} and 
the X-coordinate of the central meridian. The 
latter is a constant of the zone called C, usu­
ally set at 500,000.00 ft {prior to adoption of 
the 1983 Datum}. See Table 19-6, discussed 
later. 

19-2-7. Conversions Between 
Plane and Geodetic 
Coordinates 

Boundries between zones were placed at 
state and county lines to minimize the occa­
sions when a survey would involve more than 
one zone, the assumption being that most 
surveys stay confined within political bound­
aries. On a design project such as a bridge 
between Ohio and Kentucky, it is necessary to 
use the same plane coordinate zone for the 

4 5 6 
Prelim. Azimuth Adjust. Final Azimuth 

Angle to Right Cumul. Angle to Right 
Prelim. Azmith Adjust. Final Azimuth 

111°11'07" 111°11'07" 

110°56'53" +5 110°56'58" 

220°08'00" +5 222°08'05" 

42°08'00" 42°08'05" 
144°37'35" +5 144°37'40" 

186°45'35" +10 186°45'45" 

6°45'35" 6°45'45" 
291°37'19" +5 291°37'24" -
298°22'54" +15 298°23'09"* 

surveying, for closure and adjustment pur­
poses. The coordinate system of either zone 
can be adopted. Station descriptions of NGS 
stations lying near zone boundaries usually 
contain the plane coordinates of all nearby 
zones, which avoids any need to make conver­
sions. If such coordinates are not given, a 
conversion is necessary. The conversion starts 
with the latitude and longitude that are, of 
course, the same regardless of the zone. For 
the Ohio-Kentucky example, the plane coordi­
nate projection tables can be used to convert 
the latitude to a Y-coordinate and the longi­
tude to a X-coordinate in the zone corre· 
sponding to the tables used. 

The conversion problem can exist in either 
direction-i.e., a plane coordinate of a point 
might be known and a precise latitude and 
longitude desired for that point. Of course, all 
such conversions can be made approximately 
by using grid ticks on USGS maps, but if high 
precision is needed, computations must be 
made. Because of the large numbers involved, 
at least 10 significant figures must be used in 
all variables to avoid round-off errors. 

Prior to SPCS83 and the increased use of 
computers and programmable calculators, 
conversions were commonly made using fewer 
automated methods. Currently, software is 
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available from NGS and other sources to make 
the conversions. For purposes of explanation 
and illustration of the variables involved, a 
"long-hand" solution has been retained here. 
The problem will be presented by two exam­
ples. Both will be solved using projection tables 
published for SPCS27, which seems to afford 
the maximum explanation for understanding 
the theories involved. 

Example 19-1 (Lambert). A project was being 
planned in 1980 in Carbon County, PA (in 

the north zone) by the AAA Mapping Com­
pany. In 1975, the Acme Survey Company 
ran a long traverse for the Lehigh County 
Development Authority (south zone). They 
established station K that is in Lehigh 
County but only 1000 ft south of the county 
line, making it advantageous to the AAA 
Mappers as a control point for work in 
Carbon County. South zone coordinates for 
K according to the 1975 survey were Xs = 
2,586,745.20 ft and Y, = 515,262.32 ft. Find 
the north zone coordinates for station K. 

Table 19-5. Excerpts from north zone and south zone tables for Pennsylvania 

Lambert Projection for Pennsylvania-South (Table I) 

Tabular 
Y' Difference 

y Value on for 1 sec Scale in 
Central of Units of 

Meridian Latitude 7th Place 
Latitude R (ft) (ft) (ft) of Logs 

40°41' 24,493,042.22 491,784.21 101.19783 -140.2 
42 24,486,970.35 497,856.08 101.19833 -134.9 

-> 43 24,480,898.45 503,927.98 101.19866 -129.2 
44 24,474,826.53 509,999.90 101.19917 -123.2 
45 24,468,754.58 516,071.85 101.19950 -166.8 

Lambert Projection for Pennsylvania-North (Table I) 

Latitude 

40°41' 
42 

-> 43 
44 
45 

R (ft) 

24,022,804.71 
24,016,732.43 
24,010,660.15 
24,004,587.87 
23,998,515.78 

C 
Central meridian 

Rb 
Yo 
I 
1 

2P: sin 1" 

Tabular 
y' Difference 

y Value on for 1 sec Scale in 
Central of Units of 

Meridian Latitude 7th Place 
(ft) (ft) of Logs 

188,245.66 101.20467 + 166.3 
194,317.94 101.20467 +150.4 
200,390.22 101.20467 + 134.9 
206,462.50 101.20467 + 119.8 
212,534,78 101.20450 + 105.1 

North Zone South Zone 

2,000,000.00 ft 
77"45'00".000 

2,000,000.00 ft 
77"45'00".000 

24,211,050.37 ft 
455,699.10 ft 

0.6615397363 
2.357 X 10- 10 

24,984,826.43 ft 
407,025.76 ft 

0.6487931668 
2.358 X 10- 10 

Suura: NGS Special Publication No. 267, Washington DC 1968. 

Scale 
Expressed 

asa 
Ratio 

0.9999677 
0.9999689 
0.9999703 
0.9999716 
0.9999731 

Scale 
Expressed 

asa 
Ratio 

1.0000383 
1.0000346 
1.0000311 
1.0000276 
1.0000242 



There is no direct way to go from south 
zone coordinates to north zone coordinates 
(except approximately). The latitude and lon­
gitude of station K must be found as an inter­
mediate step. This initial computation (to ob­
tain cf> and A) and the final step (to obtain Xn 
and Yn ) involve only right-triangle trigonome­
try and the tables for both zones. Excerpts 
from the tables are shown in Table 19-5. 

The small angle in the right triangle ABP 
of Figure 19-7 is 0; both the convergence and 
hypotenuse R appear in the tables. The "op-
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posite side" AP is X' = R sin O. The "ad­
jacent side" AB = R cos O. The X-coordinate 
of any point P (station K in the example) is 
R sin 0 + 2,000,000.00 ft because the central 
meridian has been assigned that large number 
to avoid negative coordinates anywhere in the 
zone. The Y-coordinate of point P = Rb -
R cos 0, where Rb is the radius from apex B 
to the lowest parallel listed in the table, the 
said parallel being actually somewhat south of 
the zone. Rb is a constant in anyone zone and 
a lO-digit number if carried to hundredths of 

B 
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1----- C = 2,000,000.00 ft. ---==J 
X -AXIS 

Figure 19-7. Relationships for any point P. 
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a foot. When that accuracy (hundredths) is 
desired in the coordinates, the sines and 
cosines must also be carried to 10 places. 

To obtain 4> and A from Xs and Y.., 

X' or R sin (J = Xs - 2,000,000.00 

= 586,745.20 

0pp. X' 
tan (J = -- = ---

adj. Rb - Ys 

586,745.20 

24,984,826.43 - 515,262.32 

586,745.20 
---- = 0.0239785718 
24,469,564.11 

(J = + 1.373607741° 

Rb - Y, 24,469,564.11 
R=---

cos (J 0.9997126380 

= 24,476,597.75 ft 

With convergence 9 and radius R now 
known, the longitude A and latitude 4> can be 
obtained from the south zone tables. The plus 
value of 9 indicates station K is east of the 
central meridian. This is also evident from the 
general location of Lehigh County and by the 
positive value of X'. The longitude corre­
sponding to a calculated value of 9 may be 
interpolated from a table {not shown}, but it is 
easier to recognize that K is east of 77"45'00" 
(the central meridian) by an angle 

(J 
~,\ = = 2.117173564° 

0.6487931668 

where the denominator is the constant l {the 
rate of change of 9 for a unit change in 
longitude for the south zone. Longitude can 
now be obtained directly by subtraction, but in 
this case, where both zones have the same 
central meridian, only the difference in longi­
tude, just found, is needed. The decimal form 
is convenient for the north zone computation. 

Latitude is obtained from the south zone 
projection table, shown in the upper half of 

Table 19-5, by interpolation. Look for an R 
value in the second column that is the next 
larger number than the one calculated. In this 
case, the value found is 24,480,898.45, which 
corresponds to a latitude of 40°43'. Additional 
seconds of latitude are found by using the 
tabular difference in the fourth column as an 
aid to interpolation. 

Additional seconds 

24,480,898.45 - 24,476,597.75 

101.19866 

= 42.4976" 

cp = 40°43'42.4976" 

To obtain Xn and Yn from A and rp, the 
first step is to find the north zone convergence 
9. This could be done from tables, but as 
before, it is easier to use the constant rate of 
change of () in the zone. 

(J = (0.6615397363)(2.117173561 0 ) 

= 1.400594441 0 

The radius R is found in the north zone 
projection table by interpolation between cp = 
40°43' and rp = 40°44'. 

R = 24,010,660.15 

- (42.4976" )(101.20467) = 24,006,359.19 ft 

Xn = R sin (J + 2,000,000.00 

= 2,586,776.63 ft 

Yll = Rb - R cos (J 

= 211 ,863.41 ft 

where Rb is the north zone constant, 
24,211,050.37 ft. Differences of a few hun­
dreths can occur rather easily in such a prob­
lem. For example, if the latitude had been 
rounded off to 40°43'42.498", Yn would be 
increased by 0.04 ft. However, the positions of 



survey points are generally uncertain in the 
hundreths place, anyway. The sample problem 
in Section 19-2-6 had compass rule corrections 
for station A of 0.06 and 0.47 in the X and Y 
directions and would have had a correction 
greater th~ the 0.04 mentioned, even if the 
misclosure had been 1 : 50,000. Also, of course, 
the given coordinates of both stations Bank 
and Tower in that example, and of station K 
in this one, contained original survey errors. 

Example 19-2 (Mercator). A photogrammetric 
mapping project is being planned near the 
southern border of Idaho. The area to be 
covered lies mostly in Owyhee County (west 
zone) but extends into Twin Falls County 
(central zone). The entire map will be plot­
ted on west zone coordinates. Station Rock 
in Twin Falls County was part of an earlier 
control survey and has the following central 
zone coordinates that now must be trans­
formed into west zone coordinates: Xc = 
224,662.81 ft and Yc = 131,703.72 ft. 

Transverse Mercator zones are more com­
plex than Lambert zones. The meridians are 
not straight lines; the parallels are not circular 
arcs (see Figure 19-8. The physical significance 
of some numbers taken from the tables will 
not be apparent in the following solution to 
Example 19-2 (see Table 19-6). 

As in a Lambert zone, X' = X - C, the 
distance from the central meridian to a sta­
tion. In this type of zone, C usually is 
500,000.000 ft. The computation is shown in 
Table 19-7 on a form provided in the projec­
tion tables. The Yo term is the Y-coordinate of 
the point where the parallel through Station 
Rock crosses the central meridian. This coor­
dinate will always be smaller than Y because 
of the curvature of the parallel. P is taken 
from the tables by interpolation given the Y­
coordinate, and if we know X I, d is found on 
the same page. 

The Yo value just found is used to compute 
the latitude c/J and then the quantity H, from 
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Grid lines 

F'JgUre 18-8. Parallels and meridians on transverse Mer­
cator grid. 

another page of the tables, as follows: 

(
130,073.60 - 127,532.48)" 

cp = 42°01' + 
101.21950 

= 42°01'25" .105 

H = 75.484549 - (25.105)(0.00032858) 

= 75.476300 

The small quantity a is obtained from the last 
column as - 0.888. 

Next, "approx. Ll A" is calculated to the 
nearest second as shown (X' -;- H). This is 
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Table 19-6. Excerpts from Idaho projection tables 

Y Correction for Computation of Geographic Positions from Plane Coordinates, Transverse Mercator Projection, 
Idaho, East and Central Zones 

P(x' /10,000)2 + d = V(~2 /100)2 + C 

P taken out for y-coordinate 
d taken out for x' 

y P ~P x' d 

0 2.12307 2053 0 0.00 
100,000 2.14360 2071 50,000 +0.01 
200,000 2.16431 2089 100,000 +0.02 
300,000 2.18520 2106 150,000 +0.04 
400,000 2.20626 2126 200,000 +0.07 
500,000 2.22752 2144 250,000 +0.07 
600,000 2.24896 2164 300,000 +0.06 

Transverse Mercator Projection Idaho, East and Central Zones 

~Yo per ~H per ~V per 
Latitude Yo (ft) sec H sec V sec a 

42°00' 121459.32 101.21933 75.504258 328.48 1.224910 1.26 -0.895 
..... 42°01' 127532.48 101.21950 ..... 75.484549 ..... 328.58 1.224986 1.25 ..... -0.890 

42°02' 133605.65 101.21983 75.464834 328.70 1.225061 1.25 -0.885 
42°03' 139678.84 101.22000 75.445112 328.80 1.225136 1.25 -0.880 
42°04' 145752.04 101.22050 75.425384 328.90 1.225211 1.23 -0.875 

Transverse Mercator Projection, Idaho, East and Central Zones 
~A" b ~b 

..... 2600 + 1.484 +0.007 -0.111 
2700 + 1.491 +0.001 -0.1l6 
2800 + 1.492 -0.005 -0.121 
2900 + 1.487 -O.Oll -0.125 
3000 + 1.476 -0.017 -0.130 

3600 + 1.270 -0.059 -0.131 
3700 + 1.211 -0.067 -0.128 
3800 + 1.144 -0.075 -0.124 
3900 + 1.069 -0.084 -0.120 
4000 +0.985 -0.091 -0.115 

Transverse Mercator Projection, Idaho, West Zone 
~Yo per ~H per ~V per 

Latitude Yo (ft) sec H sec V sec a 

42°00' 121457.62 101.217 83 75.503198 328.48 1.224892 1.26 -0.895 
..... 42°01' 127530.69 101.218 00 75.483489 328.58 1.224968 1.25 -0.890 

42°02' 133603.77 101.218 50 75.463774 328.68 1.225043 1.25 -0.885 
42°03' 139676.88 101.218 67 75.444053 328.80 1.225118 1.25 -0.880 
42°04' 145750.00 101.219 00 75.424325 328.90 1.225193 1.23 -0.875 

Continued 



Table 19-fi. Continued 

Table for e 

~ 
100,000 200,000 300,000 400,000 

..... 0 0.0 0.1 0.3 0.7 
500,000 0.0 0.1 0.3 0.8 

1,000,000 0.0 0.1 0.4 0.9 
1,500,000 0.0 0.1 0.4 1.0 
2,000,000 0.0 0.2 0.5 1.1 
2,500,000 0.0 0.2 0.5 1.3 

East and Central Zones West Zone 
y M ~ 11M M 11M 

0 0.008 7592 847 0.008 7593 847 
100,000 0.008 8439 854 0.008 8440 854 ..... 
200,000 0.008 9293 862 0.008 9294 862 
300,000 0.009 0155 870 0.009 0156 870 
400,000 0.009 1024 877 0.009 1026 877 

Table 19-6. Excerpts from Idaho Projection Tables 

Table for g l1a" = sin f/J(I1A") + g 

11 A" 

Latitude 0" 1000" 2000" 3000" ~ 4000" 5000" 6000" 

41° 0.00 0.00 0.02 0.08 0.19 0.37 0.63 
42° 0 0 0.02 0.08 0.18 0.36 0.63 

..... 43° 0 0 0.02 0.08 0.18 0.36 0.62-
44° 0 0 0.02 0.08 0.18 0.35 0.61 
45° 0 0 0.02 0.08 0.18 0.35 0.60 

SouTCl!: NGS Special Publication No. 306, 1975. Idaho Projec-
tion Tables; Washington D.C. 

Table 19-7. Calculating f/J and A for Example 19-2 

Station Rock (Central Zone, ID) 

X 224,662.81 

C - 500,000.00 

X' - 275,337.19 
P 2.15017 
d +0.06 
H 75.476300 

a b -0.888 + 1.242 

f/J 42°01 '25".105 

When ab is (+, decrease/-, increase)X' numerically. 
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used to obtain b from the tables by interpola­
tion as follows: 

b = + 1.270 + (0.48)( -0.059) = + 1.242 

The final value of aA in seconds = (X' ± 
ab) + H, in which the sign of ab depends on 
the sign of X'. When X' is minus, as in this 
example, the sign of ab is unchanged from 
what the table indicates (also minus in this 
example). When X' is plus, the indicated sign 
of ab is reversed. The footnote in Table 19-7 
explains this in an equivalent way. The aA 
term is converted to degrees and subtracted 
from the longitude of the central meridian to 
obtain A. This concludes the inverse computa­
tion {4> and A from X and Y} using central 
zone tables. The forward computation will use 
west zone tables {see Table 19-6}. 

Table 19-8 shows the computation on a 
form provided in the same government book­
let. Referred to the central meridian of the 
west zone, a A is plus {to the east} and in 
seconds equals + 2651.990. For later use, 
aA"/100 2 is filled in. The Yo, H, V, and a 
terms are interpolated, being tabulated for 
given latitudes. The b term, as in the inverse 
computation, is obtained from another part of 
the tables, listed for given values of ax' . The 
small quantity c is found there also but not 
entered on the form. 

The X' distance equals H· aA" ± abo 
When the sign of the H· a A" term is minus, 
the sign of ab is reversed from that given by 

( ,Y f 131,703.72 
x 

P -- +d -1630.12 
10,000 

Yo 130,073.60 
Approx. tJ.A = X' .;- H -3648" 
I1A = (X' =1= ab) .;- H -3648".010 

tJ.A -1°00'48".010 
Central meridian 114"00'00.000 
A = C.M. - I1A 115°00' 48".010 
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Table 19-8. Calculating X and Y for Example 19-2 

West Zone 
Station 

I/J 
A 

C.M. 
<\A = Central mer. - A 

llA" 

llA" 2 

100 

H 
V 

a b 
x'=H·llA±ab 

( 
<\A" )2 

V - +c 
100 -

Tabular y or Yo 
x 

y 
lla" 
lla 

Geod. az. to az. mk. 
Grid az. to az. mk. 

Rock 

42"01'25".105 
115°00' 48".010 
115°45'00".000 
+0°44'11.990 
+2651.990 

703.305 

75.475240 
1.224999 

- 0.888 + 1.488 
+200,158.26 

861.43 

130,071.77 
700,158.26 
130,933.20 

x = x' + 500,000 H and V = tab. H and tab. V 

( 
t:.A" )2 - decrease 

y = tab. y + V - ± c When ab is. H . Il. A 
100 + zncrease 

Il.a" = Il.A" sin", + g 

Grid az. = geod. az. - Il. a 

numerically. 

g increases Il. A" . det '" 
numerically. 

the tables. In this example, ab retains its mi­
nus sign. The X-coordinate is X' + 
500,000.000, and the letter may be written Xw 
to indicate the west zone. The Yo term, ob­
tained earlier, is called "tabular y" on the 
form in Table 19-8 and in the footnote. The 
Y -coordinate or Yw is calculated using the 
equation in that footnote. 

19-2-8. Transformations 
Between NAD27 and 
NAD83 Coordinates 

A transformation would be desirable when­
ever a surveyor had control data on both 
NAD27 and NAD83 in an area and wanted to 

utilize stations from both systems in a survey. 
The typical case would be when SPC27 coordi­
nates had previously been determined for a 
survey and it is desired to place these stations 
on SPCS83 for incorporation with other sur­
veys referenced to SPC83. 

The following comparison of positions of 
NGS triangulation station "Smathers," located 
in Johnson City, might help us to understand 
the rudiments of transformations: 

X 
Y 

NAD27 NAD83 

36°18'28.877" 
82°20' 49. 760" 

36°18'29.24041" 
82°20'49.21519" 

SPC27 (ft) 

3,076,094.78 
717,533.73 

SPC83(m) 

927,999.661 
225,226.210 

SPC83 (ft) 

3,044,612.22 
738,929.66 

Note that the shift is + 0.362" in latitude and 
- 0.545" in longitude. This is about 37 ft in 
northing and - 40 ft in easting. The published 
plane coordinates for SPC83 represent the 
values in meters. The values in feet for SPC83 
were determined from the metric values using 
the pre-1960 definition of the foot (see the 
second subsection under Section 19-2-9). The 
large differences in values in feet have nothing 
to do with the datum readjustment. These 
discrepancies are caused by changes in the 
origin values. Had the central meridian and 
origin for X-coordinates not been assigned 
new values, the coordinate shifts in northing 
and easting would have been only 37 and - 40 
ft, rather than several thousand feet. These 
comparisons will illustrate, among other things, 
it is hoped, that transformations between 
NAD27 and NAD83 must start from geodetic 
coordinates. If values are known only in plane 
coordinates, a conversion to geodetic coordi­
nates must be made (see Section 19-2-7). It 
may also be realized that simple conversions 
from meters to feet is not the problem when 
considering transformations, and that neither 
the numerical value for the origins nor the 
units used for plane coordinates have anything 
to do with transformations. 

As with other surfaces, coordinate transfor­
mations can be made mathematically between 



different ellipsoids without any errors other 
than the usual computational (round-ofl) er­
rors. Uncertainties much larger than this oc­
cur in transformations between NAD27 and 
NAD83 because of "distortions" in the read­
justment (nonuniformity caused by the varia­
tions in weighting the data, relative accuracies 
of the data used, etc.). Except at the stations 
used in the readjustment (as with the compari­
son in the above tabulation), any transforma­
tion has uncertainties larger than most survey­
ing projects would tolerate. The best proce­
dures available cannot be executed without 
uncertainties on the order of 10 em or more 
for points located anywhere between control 
stations used in the readjustment. 

The best way to arrive at SPC83 coordinates 
is to use the field data (distances, angles, az­
imuths, etc.) for the survey and calculate coor­
dinates as explained in Section 19-2-6. This 
avoids the transformation errors caused by dis­
tortions in the system. For survey purposes, 
this may be the only recourse. For mapping 
and other purposes requiring less accuracy 
than land or control surveys, some of the 
transformation systems mentioned in the next 
paragraph may be useful. 

Since the mid-1980s, the NGS and others 
have devised various methods for the transfor­
mation of coordinates. One of the first Was 
called LEFTI ("leftie"). It is a four-parameter 
similarity transformation, said to be accurate 
to about 1 m. The latest system suggested by 
the NGS is called NADCON (North American 
Datum conversion). It relies on a simultaneous 
model of the shift values for a large region 
and local modeling. The accuracy is said to be 
around 10 to 15 cm. Another recent conver­
sion package is called CORPSCON. Details on 
this method are not yet available, but it is said 
to be comparable to NADCON. The mathe­
matics of these transformations will not be 
presented here. The user does not perform 
any calculations, but only keys values of lati­
tude and longitude into the program. The 
NGS sells the NADCON program as one of 
several in its library of available programs re­
lated to SPC. 
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A discussion of these and other ideas on 
transformations can be found in NAD 83 State 
Plane Coordinates and Datum Transformations5 

and North American Datum of 1983.6 It is likely 
that other methods will be devised in the 
future, but it is unlikely that any will yield 
accuracy in results sufficient for use in most 
surveys. It is reiterated here that the best way 
to place points on either SPC27 or SPC83 is to 
start and end a traverse or other control sur­
vey on stations having the coordinates known 
in the respective system, then use the appro­
priate, respective projection constants and val­
ues to place measurements on the desired 
ellipsoid and grid. 

19-2-9. Miscellaneous 
Problems Conceming 
State Plane Coordinates 

Plat Distances and Areas When SPC Are 
Used 

Except when the grid factor happens to be 
1.00000, ground distances will not agree with 
grid distances and therefore lengths of prop­
erty lines shown on a plat will not be consis­
tent with distances determined from the SPC. 
Also, the areas computed using SPC will be 
the areas projected to the grid, not those of 
the ground surface. For example, an "in­
versed" distance of 2643.46 ft using SPC when 
the grid factor is 0.9999675 is consistent with a 
ground distance of 2643.55 ft, since the grid 
length is simply divided by the grid factor to 
obtain ground length. Similarly, an area of 
1,735,900 sq ft as computed using SPC would 
be divided by the square of the grid factor to 
determine the ground area, resulting in 
1,736,013 sq ft. 

These relationships should cause no prob­
lem for the knowledgeable surveyor. Other 
than the surveyor, nobody else would probably 
make use of the coordinates anyway, so misuse 
or confusion would be unlikely. A simple note 
somewhere on the plate giving the average 
grid factor is all that the surveyor needs to 
relate ground measurements to grid data. For 
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other possible users who may understand co­
ordinate geometry, but not SPC, a note on the 
plat would be useful, such as "to calculate 
ground distances from lengths computed us­
ing SPC, divide the computed lengths by the 
grid factor," and "to calculate ground areas 
from grid areas computed from SPC, divide 
the computed areas by the square of the grid 
factor." 

Conversion of Metric Coordinates to 
Feet 

Since many surveyors want to continue us­
ing feet instead of meters, a conversion must 
be made from published NAD83 metric coor­
dinates. This would be a simple matter if it 
were not for the fact that there are still two 
definitions of the foot in existence. Prior to 
1960, there was only one definition of the 
foot, based on the meter. By international 
agreement, the foot (actually the inch) was 
redefined in 1960 so as to arrive at a value 
mutually compatible between certain coun­
tries of the world. The difference is slight, but 
is important when SPC conversions are made. 

The historic reason why the former defini­
tion was retained by the USC and GS in 1960, 
while the rest of industry adopted the interna­
tional definition, was that SPCs were at that 
time published in feet (based on the meter as 
a standard of measure) and changing their 
values in feet based on a new definition would 
have meant that all coordinate values would 
have changed. To prevent confusion, the USC 
and GS was given special permission to retain 
the old definition. This then became known as 
the "survey foot." With a complete readjust­
ment and change of ellipsoid as per NAD83, 
where coordinate values would change any­
way, and because it was decided that plane 
coordinates would be listed in meters and not 
feet, many users felt that the old definition 
would logically be discarded. Ultimately, prob­
ably because of nostalgia and perhaps a lack of 
historical perspective and understanding of the 
original reasons for retaining the earlier defi-

nition, a movement began to retain the survey 
foot in making conversions of SPC83 values. 
The NGS, not wanting to disregard the desires 
of users of the system, did not dictate either 
definition. 

Despite the logic of discarding it, many 
states have retained the older definition. As of 
this writing, approximately 40 states had either 
enacted legislation concerning SPC83 or were 
in the process of doing so. Of these states, 15 
of them have specified that the former defini­
tion of the foot would be retained, 5 have 
specified that the newer definition should be 
used, and 20 have not addressed this question 
at all. It is likely that the lack of mention of 
the definition of the foot in most of the laws 
on SPCS83 is because it was commonly under­
stood at one time that the obsolete survey foot 
would be discarded after NAD83 was com­
pleted and the newer internationally agreed 
on definition adopted. The two definitions are 

Pre-1960 Definition 1960 Redefinition 
(survey foot) (international foot) 

1 m = 39.37 in. 1 in. = 2.54 cm 

From the above exact definitions, the follow­
ing can be derived: 

1 m = (3937/1200) ft 

= 3.280833333 ft 

1 m = (1250/381) ft 

= 3.280839895 ft 

There is no difference between the results of 
conversions until the digits reach the 6th or 
7th significant figure, depending on the num­
ber being converted. A conversion of 1,000.00 
m would be 3,280.83 ft according to the old 
system and 3,280.84 ft according to the new 
system, the number differing by one unit in 



the 6th place, but a value of 4,000.000 m 
would convert to 13,123.36 ft according to the 
new system and 13,123.33 ft according to the 
old system, the number differing by three units 
in the 7th place. When converting numbers as 
large as SPC, the difference in results can be 
several feet. For example, the Smathers station 
in Johnson City, TN has coordinates as follows, 
as published and converted using the two 
definitions: 

Former definition New definition 

SPC83 (m) 

X 927,999.661 
Y 225,226.210 

SPC83 (ft) 

3,044,612.22 
738,929.66 

SPC83 (ft) 

3,044,618.31 
738,931.14 

As can be seen, the difference is nearly 6 
ft in the X-coordinate and 1.5 ft in the Y­
coordinate. The differences are proportional 
to the numerical value of the coordinate, which 
is the largest on the easterly side of a Lambert 
zone and the northerly side of a TM zone. 
The differences also depend on the size of 
values assigned to the central meridian (origin 
of eastings) and the origin for northings. 

Arc-to-Chord Correction 

The arc-to-chord (t - T) correction was 
discussed in subsections under Sections 19-2-4 
and 19-2-5. Figure 19-5 illustrates the concept. 
When high-order precision is required, this 
correction should be considered. The longer 
the survey line, the more it deviates from a 
straight line joining the two stations. The az­
imuth obtained directly from the X- and Y­
coordinates of the ends of the line can be 
converted by adding the t - T correction. The 
result, designated here as the terminal grid 
azimuth, is the value to use for referencing 
traverses or other control surveys to an exist­
ing long line, as well as for converting from 
grid to geodetic azimuth using Equation (I 9-1). 

The t - T correction varies with the direc­
tion of a line and its location in the zone, as 
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well as its length. Fomerly, with SPC27, the 
formula recommended for Lambert zones, was 

(l9-2a) 

where 1/(2 Po2 sin 1") is a constant for a zone. 
The result is in seconds of arc. 

Subscripts 1 and 2 refer to the near and far 
ends of the line, respectively, and Yo is the Y 
value on the central meridian located roughly 
halfway between the two standard parallels. 
The value of YI determines the algebraic sign 
of t - T since Yo is subtracted from it. It is 
noted that t - T approaches zero as Xl and 
X2 become closer in value (north-south 
orientation). 

For the TM system, using the equations 
'cited in publications for SPC27, we obtain 

(l9-2b) 

where I/(6Po2 sin 1") is a constant for a zone. 
The result is in seconds of arc. 

The X' values are computed from X' = 

X - Xcm ' where X is the coordinate of the 
respective station (I or 2) and Xcm the X 
value of the central meridian for the zone. For 
a line running east-west (YI and Y2 being 
equal), t - T is zero. 

Publications for SPCS83 recommend one 
equation for both the Lambert and TM sys­
tems, which is 

8 = -(2.36 X 1O- 10),lX,lY 

for coordinates in ft or (l9-3a) 

8 = -(25.4 X 1O- 10),lX,lY 

for coordinates in m (l9-3b) 
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Note here that t - T is called 5 in SPCS83 
publications. In this equation, the result is in 
seconds of arc. The variables are defined dif­
ferently for the two systems. They are 

and 

for the Lambert system. For the TM system, 

and 

As an example for the Lambert system, sup­
pose that a line about 5 mi long in Pennsylva­
nia has the following coordinates for its ends: 

XI = 1,403,740.00 ft, 

X2 = 1,429,740.00 ft 

YI = 742,370.00 ft, 

Y2 = 747,470.00 ft 

From SPC27 projection tables for Pennsylva­
nia, the North zone, 

Yo = 455,699.10 ft, 

1 
--:---- = 2.357 X 10- 10 

2p; sin I" 

Substituting these values into Equation (19-2a) 
yields t - T = -l.767". Substituting them 
into Equation (I9-3a) yields 5 = -l.759". This 
is the amount that would be algebraically 
added to the azimuth computed from the 
plane coordinates for starting a survey from 
station 1. This is what is called the terminal grid 
azimuth. 

As can be seen, the differences between 
using these two equations is negligible, a suit­
able value for the correction for most surveys 
being - l.8 or just an even - 2". The magni­
tude of the correction further illustrates why 
this correction is usually negligible. Most lines 

measured in surveying are much shorter than 
5 mi. 

As an example for the TM system, suppose 
the following line, approximately 5 mi long, 
near the west side of the west zone in Illinois 
has coordinates of the line ends as follows: 

XI = 125,150.00 ft, 

X2 = 126,450.00 ft 

YI = 945,810.00 ft, 

Y2 = 974,010.00 ft 

From SPC27 projection tables for Illinois, west 
zone, we obtain 

--::--- = 0.7861 X 10- 10 

p; sin I" 

Substituting these values into Equation (I9-2b) 
yields t - T = - 2.490". Substituting them 
into Equation 09-3a) yields 5 = - 2.492". 
Thus, the azimuth computed using the coordi­
nates given would be reduced by about 2.5" 
for a terminal grid azimuth. 

The difference in using these equations is 
insignificant. Furthermore, the magnitude of 
the correction, as with the Lambert system, is 
small enough that it could ordinarily be ig­
nored for the line lengths normally encoun­
tered in surveying. 

It is noted that Equation (19-3) is derived 
using average values of the constants for the 
zones in each system. These values are close 
enough to use in all zones unless the highest 
orders of accuracy are required. Equation 
(19-3) can be used whether coordinates origi­
nate from SPC27 or SPC83. However, the ap­
propriate choice must be made according to 
the units used (meters or feet). 

19-3. THE UTM-UPS SYSTEM 

19-3-1. The 62 Zones 
The UTM is often confused with the TM 

system used in SPC. Although the two can be 



interrelated mathematically since both are tied 
to geodetic coordinates, this is seldom done 
except for academic purposes, SPCs are not 
based on UTM. The explanation here has one 
purpose, clearing up any confusion between 
the TM used in SPC and the UTM system. 

At the end of World War II, the U.S. Army 
Map Service devised the universal transverse 
Mercator and universal Polar stereographic 
grids to divide the entire world into 62 zones. 
There were about 100 heterogeneous grids 
then in use. The new system, incorporating 
some of the earlier ideas, has gained wide 
acceptance around the world. The two polar 
zones are not described here. Readers are 
referred to Introduction to Map Projections7 for a 
detailed explanation of these systems. 

The populated regions of the earth, from 
800 S to 840 N, are divided into 60 zones in the 
UTM system, each of which is 60 wide in 
longitude. The zones are numbered from 1 to 
60 beginning at 1800 W as shown in Figure 
19-9. Zone 11, e.g., from 1200W to 114°W 
includes Los Angeles, CA. Zone 18 contains 
New York City, and Tokyo is in zone 54. 

Grid zone designations, such as 150 S in 
Figure 19-9, are part of a military grid refer­
ence system, which is explained further in the 
book cited above. The civilian system is en­
tirely numerical. Each zone is similar to a 
transverse Mercator zone of the state plane 
coordinate system. The central meridian is 
assigned an easting of 500,000 m. For the 
northern half of the zone, above the equator, 
a northing of zero is assigned to the equator, 
as shown in Figure 19-10. For the southern 
half of the zone, below the equator, the equa­
tor is assigned a northing of 10,000,000 m. 
Thus, the horizontal position ofa certain point 
on earth may be uniquely stated as follows: 

Northern hemisphere, zone 13 

506,021.43 - 4,385,107.38 

in which it is understood that the easting is 
given first, as is most commonly done when 
listing or considering X- and Y- (Cartesian) 
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coordinates. If it is known that the point is in 
eastern Colorado, the hemisphere and zone 
need not be stated. The same coordinates 
occur in adjacent zones about 320 mi to the 
east or west, in Kansas or U tab. 

The scale factor varies from 0.99960 at the 
central meridian to 1.00000 at a distance of 
180,000 m to the east and west, and larger 
than 1.00000 beyond that. UTM zones are 
wider than state plane coordinate zones and 
therefore involve a greater range of scale fac­
tors. In most states, zones of the SPCS are 
limited to 158 mi in the direction of varying 
scale factors to keep factors within a range of 
0.99990 to 1.00010 (I part in 10,000). The 
value at the central meridian of a UTM zone is 
smaller than 1.00000 by 1 part in 2500. 

19-3-2. PrinCipal Digits 

Topographic maps, such as those of the 
U.S. Geological Survey, often show UTM grid 
ticks in blue along the edge or neatline. If 
desired, opposite grid ticks may be joined to 
form grid lines. In labeling the grid ticks, it is 
customary to print two of the digits in larger 
type and omit trailing zeros except once on 
each neadine. Where a map shows grid ticks 
every 1000 m, they would be labeled as 
follows: 

212°00m'E 
213 
214 
215 

20S4000m'N 
2oS5 
2°86 
2°87 

On a smaller scale map, showing grid ticks at 
10,000-m intervals, four trailing zeros are 
dropped and only one of the principal digits is 
shown. 

20 soOOOm.N 
2°9 
21 0 
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expression for convergence is C = A A sin cf>, 
where C and A A must be in the same units 
(degrees, minutes, or seconds). As with SPC 
A A is the difference in longitude between the 
location and central meridian and cf> is the 
latitude. The formula is correct within 1 sec. 

Further details about the UTM and UPS 
systems can be found in the end-of-chapter 
notes and reference section. 

NOTES 
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Figure 19-10. Rectangular grid superimposed on projec­
tion of UTM zone. (From P. W. McDonnell, Jr. 1992, 
Introduction to Map Projections, 2nd ed., Rancho, Cordova, 
CA: Landmark Enterprises, with permission.) 

Principal digits are always in the thousands 
and ten-thousands places. 

19-3-3. Convergence 
In a UTM zone, as in a transverse Mercator 

state plane coordinate zone, the approximate 
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Photogrammetry 

Andrew Kellie 
Wayne Valentine 

20-1. INTRODUCTION 

Photogrammetry has influenced survey prac­
tice drastically since its introduction as a map­
ping tool. Aerial photographs specifically for 
mapping purposes were first taken in 1913, 
although ground photography had been used 
to a limited extent in field surveys as early as 
1894.1 The first major mapping project in the 
United States was conducted by the U.S. Geo­
logical Survey and the Tennessee Valley Au­
thority in the 1930s. At that time, some 40,000 
sq mi (103,500 sq km) of the Tennessee River 
basin were mapped. At present, aerial photo­
gramme try is used for virtually all small-scale 
mapping done in the United States and is 
seeing increasing use for large-scale mapping 
as well. 

Applications of photogrammetry in survey 
practice include topographic mapping, site 
planning, earthwork volume estimation for 
proposed roads, and overburden estimates for 
surface mines. Also, photogrammetry is being 
used for boundary surveys in the western 
United States. In addition to its mapping role, 
aerial photography is used for planning 
ground surveys, estimating timber classifica­
tions for taxation purposes, and in the con­
duct of boundary retracement. 

486 

20-2. PHOTOGRAPHS AND MAPS 

Photogrammetry is the process of preparing 
accurate maps or obtaining precise measure­
ments from photographs. These data may be 
presented as a map or stored in digital form, 
depending on their intended purpose. 

Photogrammetric mapping may employ 
photos taken either from the ground or the 
air. Photography obtained on the ground is 
termed terrestrial photography. It has been 
used for surveys of traffic accident sites and to 
obtain elevations of historic buildings or struc­
tures. Terrestrial photogrammetry is discussed 
beginning with Section 20-3. A terrestrial cam­
era system capable of stereo photography is 
show in Figure 20-1. Aerial photography re­
quires the use of cameras mounted in aircraft. 
Aerial photos are the most widely used type of 
photography employed for photogrammetric 
mapping. For mapping purposes, aerial pho­
tography is usually obtained with the camera 
axis vertical, although oblique photos have 
been used as well. Examples of vertical and 
oblique aerial photography are shown in 
Figures 20-2 and 20-3. 

Vertical photographs have the appearance 
of a map. There are two reasons, however, why 
a photograph should not be used as one. First, 
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Figure 20-1. Kelsh K-460 Universal stereometric camera mounted on tripod. Electronic 
shutters and surface contrast optical projector (SCOP) configured with single film cassettes. 
(Courtesy of Danko Arlington, Inc.) 

a map presents an orthogonal projection of 
the features shown; a photograph shows a cen­
tral perspective projection. This is noticeable 
on vertical aerial photography in which fea­
tures are displaced radially outward from the 
photo center. Second, the scale of a photo­
graph is not constant. For vertical aerial pho­
tos, the photo scale depends on the ratio be­
tween camera focal length and height of the 
aircraft above the terrain. Unless the ground is 
perfectly level and the camera axis perfectly 
vertical, this ratio is not constant and photo 
scale varies accordingly. As a result, when pre­
cise measurements are required, a photo­
graphic mapping process is used to eliminate 
radial displacements present in mapping pho-

tography and bring features shown on the 
photograph to a constant scale. 

One characteristic of mapping photography 
is that photographs overlap each other both at 
the ends and on the sides. This overlap is 
necessary to stereoscopically study them. 
Stereoscopic (or three-dimensional) vision is 
possible when the same object is viewed from 
two different positions. Separation of the hu­
man eyes serves this function, allowing three­
dimensional vision. The principle of separate 
viewing positions is also used in photogram­
metric operations and achieved by taking pho­
tographs of the same scene from two different 
photo stations. With the photographs placed 
under a stereoscope, or mounted in a stereo-



488 Photogrammetry 

Figure 20-2. Vertical photography. (Courtesy of Photo Science. Inc.. Lexington. KY.) 

plotter, the operator views the scene imaged 
within the area of overlap on the photographs 
in three dimensions. The standard endlap used 
in photogrammetric mapping is 60%, sidelap 
30%. The overlap and sidelap on a series of 
photos taken for mapping are shown in Figure 
20-4. 

20-3. THE PHOTOGRAMMETRIC 
MAPPING PROCESS 

A typical photogrammetric mapping project 
requires four stages: (1) obtaining mapping 
photography, (2) completing ground control 
surveys for the mapped area, (3) compiling 
map data from the photos, and (4) checking 

the finished product for compliance with pro­
ject specification. 

The decision to use photogrammetric 
methods to complete a mapping project is 
primarily economic, although workload and 
project deadline requirements have to be con­
sidered as well. In general. as the area mapped 
increases, the cost per acre (hectare) for pho­
togrammetric mapping decreases. One reason 
is that the fixed costs of photo acquisition are 
prorated on the basis of area. Also, as the area 
mapped increases, use of analytic photogram­
metry to extend ground control becomes more 
feasible, thereby reducing ground control 
costs. 

It is frequently assumed that the mapped 
area must exceed 50 acres (20 hectacres) if 
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Figure 20-3. Oblique photography. (Courtesy of Photo Science, Inc., Lexington, KY.) 

photogrammetric mapping costs were to be 
competitive with ground techniques. Pho­
togrammetric mapping of much smaller areas 
may be competitive, however, if suitable pho­
tography of the project site is already avail­
able. Prior to contracting for new photogra­
phy, it is essential to check with photogram­
metric mapping firms working in the project 
area. It may be possible to purchase existing 
photography and thereby decrease mapping 
costs. 

20-4. AERIAL CAMERAS 

Mapping photography is obtained using metric 
cameras having a focal length, lens distortion 
curve, and internal geometry determined from 

calibration by the National Bureau of Stan­
dards. The procedure used is beyond the scope 
of this book, but all government mapping con­
tracts, and many private ones, require camera 
calibration so the extent of distortion and 
aberration present is known. 

Distortion results in image displacement on 
the photograph and is important in mapping 
because it affects a photograph's geometry. 
Radial distortion results in image displacement 
symmetrically toward or away from the lens 
axis, and its magnitude is determined by cali ­
bration. Tangential distortion results in image 
displacement at 90° to a radial line. It is caused 
by improper lens centering, but usually is small 
enough to be negligible in modern mapping 
cameras. 
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Figure 20-4. Overlap and sidelap on a single vertical 
aerial photograph. 

Lens aberrations are of two primary types: 
(1) spherical and (2) chromatic. Spherical aber­
ration results when all rays striking a lens do 
not form a plane image, but rather one that is 
convex or spherical in shape. Chromatic aber­
ration results from the unequal bending of 
light rays of different wavelengths (colors) so 
an image of incorrect hue appears. Aberra­
tions can be controlled by using lenses of 
different types-e.g., convex and concave 
lenses in series-and glass types with different 
indices of refraction. 

The lens in a modern mapping camera may 
contain a dozen or more separate elements 
that are designed to minimize the distortions 
just described. Typically, a between-the-Iens-

type shutter is used, having speeds of 1/250 to 
1/500 sec. Lens apertures vary, with //6.3 and 
//4.2 being common. 

Four different types of cameras can be used 
for aerial photography and classified as (1) 
single-lens frame, (2) multilens, (3) strip, and 
(4) panoramic cameras. Of these, the single­
lens frame model is by far the most common 
for mapping. The panoramic camera, which is 
actually a scanner, has been used in the 
LANDSAT satellite series, whereas the multi­
lens design (of which the Trimetrigon camera 
is an example) is primarily of historical inter­
est. Strip cameras, which do not contain a 
conventional lens system, are not generally 
used for mapping photography. 

Single-lens frame cameras are classified by 
both their focal length and angular field of 
view. This relationship is shown in Figure 20-5. 
A normal-angle mapping camera has a focal 
length of 8± in. (0.210 m) and subtends a 75° 
field of view. The wide-angle mapping camera 
has a 6-in. (0.153-m) focal length and subtends 
a 93° field of view. The superwide-angle cam­
era has a 3t-in. (0.089-m) focal length and 
122° angular field. Of these, the wide-angle 
camera with its 6-in. (0.153-m) focal length is 
the most common mapping camera at present. 
It is not as prone to the lens distortion prob­
lems encountered with a superwide-angle lens, 
and the 93° field of view requires less ground 
control than needed for a normal-angle map­
ping camera. 

In modern frame mapping cameras, the 
format is 9 X 9 in. (23 X 23 em) between side 
fiducial marks, which are precisely measured 
lines in the camera that image on the exposed 
film. They are used as references in the pho­
togrammetric process to establish the photo 
principal point and measure film distortions. 
Modern cameras have at least four fiducial 
marks, and some have four additional ones in 
the corners. 

The scene imaged on the format is easily 
computed by knowing the photo scale. For 
example, the side dimension of ground cover­
age of 1:12,000 scale aerial photography with a 
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Focal length 
210 mm (8 ~ in.) 

Focal length 
153 mm (6 in.) 

Focal length 
89 mm (3 V2 in.) 

Figure 20-5. Ground coverage at constant altitude of normal, wide-angle, and 
superwide-angle mapping cameras. 

9 X 9 in. (23 X 23 cm) format is 

9 in. X 12,000 
12 = 9000 ft (2743 m) 

Camera focal length influences both photo 
scale and vertical exaggeration. The scale of a 

vertical aerial photo is determined by the 
mathematical relationship between camera fo­
cal length and altitude above ground level at 
which the photograph is taken. This relation­
ship is shown in Figure 20-6, where ab repre­
sents the photographic film on which ground 
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F"JgUre 20-1;' Relationship between focal length f and altitude above ground h on photo scale. 

image BA is projected by lens c. Lines ab and 
BA are parallel because each is perpendicular 
to the camera axis de. As a result, triangles abc 
and ABC are similar (AAA = AAA). It then 
follows that the camera focal length cd is pro­
portional to the altitude above ground ceo Fur­
ther, photo scale ab is proportional to ground 
distance BA. Mathematically, 

ab de 

BA ce 
(20-1) 

Let dc equal j, the focal length of the 
camera and ce equal h, the height above 
ground level. Expressing photo scale as a ra­
tional fraction, we can rewrite Equation (20-1) 
as 

1 f 
x h 

(20-2) 

The focal length j is fixed by the camera 
being used, and the denominator of the photo 
scale fraction established by scale require-

ments, hence, selection of photo scale and 
camera focal length determine flying height 

Example 20-1. Assume that project require­
ments dictate a photo scale of 1:12,000. 
Camera focal length is 6 in. (153 cm). Alti­
tude above ground is then found by substi­
tution in Equation (20-1a). 

0.5 
1/12,000 =­

x 

x = 6000 ft (1828 m) 

As an alternative, an 8i-in. (O.210-m) focal 
length might have been used, in which case 
substitution in Equation (20-la) would show 
the altitude above ground to be 8250 ft 
(2515 m). 

Whereas photo scale is a function of both 
focal length and altitude, vertical exaggeration 
depends on both the altitude above ground 
and air base, the horizontal distance between 



camera exposures. Its relationship to the alti­
tude above ground is shown in Figure 20-7. 
The altitude/air base relationship is expressed 
mathematically as the base -height ratio. 

The base-height ratio is important in map­
ping photography because as it increases so do 
the vertical exaggeration and photogram­
metrist's ability to measure elevations within 
the stereomodel. The importance of camera 
focal length to vertical exaggeration is that 
photo scale is fixed by stereoplotter and map­
scale requirements. A small focal length gives 
a large base-height ratio; a longer focal length 
produces a small base-height ratio with corre­
spondingly less vertical exaggeration. 

Example 20-2. Assume that 1:12,000 photogra­
phy is to be obtained using a 6-in. (0.153-m) 
focal-length camera. Sixty percent overlap 
is required between adjacent photos. The 
air base would be (1 - 0.6X9000 ft) = 3600 
ft (1097 m), and the corresponding base­
height ratio is 

3600 1 

6000 1.7 
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For a normal-angle mapping camera with 
an 8t-in. (O.210-m) focal length used to 
obtain the same scale photography, the air 
base remains the same, but the base-height 
ratio becomes the following: 

3600 1 

8250 2.3 

A typical aerial camera system includes (1) 
the camera itself, (2) a film magazine, (3) the 
viewfinder, and (4) the intervalometer. The 
camera is mounted in a gimbal frame over a 
hole in the aircraft fuselage or a pod located 
beneath the aircraft. The camera can be ro­
tated within the frame to compensate for crab 
(or drift) of the aircraft along the flight line. 
During exposure, the film is held flat by means 
of a vacuum system. 

Following exposure, an automatic drive 
mechanism advances the exposed frame, and 
new film is fed from the magazine. Film maga­
zines hold from 200 to 400 ft (60 to 120 m) of 
film. 

The intervalometer is an electronic device 
that triggers the camera shutter at a predeter-
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I I f 
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Figure 20-7. Relationship between air base and altitude. 
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mined time interval. The interval between ex­
posures depends on the air base required for 
the photography and speed of the aircraft. 
Exposures can also be obtained manually by 
means of different air-base measurement de­
vices, such as etched lines built into the 
viewfinder. Mapping cameras in current use 
include Fairchild, Zeiss, and Wild camera sys­
tems. A typical mapping camera is shown in 
Figure 20-8. 

Mapping photography can employ any or 
all four types of photographic emulsions: (1) 
panchromatic, (2) natural color, (3) pan­
chromatic infrared, and (4) color infrared. At 
present, panchromatic photography is proba­
bly the most widely used film type for map­
ping, although natural color photography is 
becoming increasingly popular. Infrared films, 
both panchromatic and color, are employed 
extensively for vegetation and hydrographic 
studies. When specifying the film type for a 
mapping project, possible future uses of the 
photography should be considered. For exam­
ple, although panchromatic photography 
might be entirely suitable for mapping, natu­
ral color photography-because of its in­
creased interpretative value-may be more 
satisfactory than panchromatic in preparing 

Figure 20-8. Wild RCIOA aerial mapping 
cameras. (Courtesy of Wild, Inc.) 

an environmental impact statement for the 
mapped area. Regardless of the emulsion se­
lected, it must be fine-grained and have high 
resolution. 

Flying height is another consideration in 
selecting the best photographic emulsion. As 
flying height increases, the effects of atmo­
spheric haze and pollution, which scatter light 
in the blue wavelength, become more pro­
nounced. These effects can be minimized on 
panchromatic photography by the use of a 
yellow (minus blue) filter. Alternatively, color 
infrared film that is not sensitive to the blue 
light wavelengths can be substituted. Substan­
tial filtering, however, is not possible when a 
natural color emulsion is specified. 

20-5. FLIGHT PLANNING 

Mter the mapping specifications have been 
determined, a photographic flight plan is pre­
pared prior to the photo mission, so the aerial 
photography obtained will meet mapping 
specifications and stereoplotter requirements. 
Flight planning must ensure photographic 
coverage of the entire area to be mapped in a 
minimum air time. 



Mapping or measurement accuracies need 
to be determined before intelligent flight 
planning can proceed. For topographic map­
ping, the minimum contour interval is deter­
mined by the C factor of the stereoplotter and 
flight height h, according to the relationship 
CI = h/C. 

C factors range from about lOOO to 1200 
for projection type (e.g., Kelsh) plotters to 
1800 for optical-mechanical (e.g., Wild B-8) 
plotters to over 2000 for analytical plotters. 
Spot heights on well-defined points can be 
determined with much greater accuracy, typi­
cally 1/4000 to 1/10,000 of the flight height 
for optical-mechanical plotters. Planimetric 
(xy) position-measuring capability for control 
densification typically ranges from 1/8000 
flight height (RMS) for universal analogue 
plotters using semianalytical techniques to 
1/40,000 flight height (and smaller) for fully 
analytical methods using self-calibration and 
bundle adjustment. The phot-to-map enlarge­
ment ratio is commonly five times for projec­
tion plotters and up to 10 times for other 
plotters. 

The first step in preparing a flight plan 
involves marking the area to be photographed 
on a base map-usually a u.s. Geological Sur­
vey quadrangle sheet. Second, flying height 
above the ground is computed from the known 
camera focal length and specified photo scale. 
Third, photo overlap requirements and flying 
speed fix the time interval at which exposures 
must be made, as well as the horizontal spac­
ing between flight lines. 

Example 20-3. Aerial photography is to be ac­
quired over an area 3.5 mi (5.6 km) wide 
and 7.2 mi (I1.6 km) long. From map-scale 
and accuracy requirements, it has been de­
termined that photography must be at an 
average scale of 1 : 3600. Photo format is 
9 X 9 in. (23 X 23 em). Endlap and side lap 
are 60 and 30%, respectively. The aircraft 
to be used for photography has a ground 
speed of 100 mph (160 kph). 
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To begin planning, the area to be covered 
is marked on a suitable map sheet. Flight lines 
are oriented along the major axis of the mis­
sion area to minimize air time. The major axis 
true azimuth is scaled from the quad sheet to 
determine the aircraft headings. 

Next, the height above terrain is found 
from Equation (20-2) (h being the height above 
ground, f the camera focal length, and s the 
photo scale). Here, h = 0.5 ft (3600) = 1800 ft 
(549 m). 

Examination of a quadrangle sheet shows 
the average elevation for the mission area is 
150 ft (46 m) above the National Geodetic 
Vertical Datum. Barometric altitude (required 
by the pilot) is then found from the following 
relationship: 

A = h + e (20-3) 

where A is the barometric altitude, h the 
height above the terrain, and e the average 
elevation over the mission area. By substitu­
tion, A = 1800 ft + 150 ft = 1950 ft (595 m). 

With the flight-line azimuth and altitude 
known, the intervalometer setting can be de­
termined. Mter computing the air base, we 
can find this from the following relationship: 

P = 100(G - B)jG (20-4) 

where P is the percent endlap, G the ground 
distance of the photo along the flight line, and 
B the air base. 

By substitution, 

(9 in.)(300jin.) - B 
60 = 100 

(9 in.)(300jin.) 

and 

B = 1080 ft (329 m) 

The intervalometer setting can now be 
computed from 

S =BjV (20-5) 
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where S is the intervalometer setting (in sec), 20-6. 
B the air base (in ft), and V the ground speed 

GROUND CONTROL FOR 
PHOTOGRAPHIC MAPPING 

(in ft/see). Therefore, S = 1080 ft/147 ft/sec. 

S = 7.35 sec 

This must be rounded to 7 sec because 
fractional second timing cannot be set on most 
intervalometers. Recomputation of the air base 
follows this rounding, and B' = 147 ft/ sec X 7 
sec = 1029 ft (314 m). 

The spacing between flight lines along the 
minor axis of the mission area can be found 
from 

L =W/w (20-6) 

where L is the number of flight lines needed, 
W the width of mission area, and w the width 
of the area covered by each photo. Here, the 
width of each photo is 9 in. X 300 ft/in. = 2700 
ft (823 m). Because a 30% sidelap is specified, 
this width must be accordingly decreased and 

WI = 2700 - (0.30)(2700) = 1890 ft (576 m) 

Substituting, we obtain L = 18,480 ft/1890 
ft = 9.8. Therefore, 10 flight lines will be used. 

Finally, the total number of photos for the 
mission is computed from the following: 

N = L(OB' (20-7) 

where N is the number of photos; L the 
number of flight lines; l the length of the 
flight line, in ft (m), and B' the revised air 
base, in ft (m). In this example, N = 10(38,016 
ft)/1029 = 370. 

To ensure complete photographic coverage 
of the mission area, it is prudent to have two 
photos outside the mission area on both ends 
of each flight line. This increases the number 
of photos needed to 410. 

Field surveys for photo control constitute an 
important part of the photogrammetric map­
ping process. The ground control network is 
used to fix the map scale and level the model 
in a stereoplotter. 

The extent of photo control surveys re­
quired for a particular mapping project de­
pends on the number of stereomodels needed 
for mapping. Each stereomodel requires a 
minimum of two horizontal and three vertical 
control points, but for redundancy five each 
are suggested. Total control requirements are 
lessened somewhat, however, because control 
points are visible in more than one model. 
Also, if the area mapped is very large, ground 
control may be extended mathematically 
through several models by a technique known 
as analytic bridging. When this is done, ground 
control requirements are reduced accordingly. 

Control surveys can be conducted by a pho­
togrammetric mapping company or the con­
sulting firm ordering photogrammetric map­
ping services. In either case, the actual ground 
points used for control are selected by a pho­
togrammetrist because control points must ap­
pear in certain parts of a stereomodel to be 
helpful in the mapping process. 

Field control surveys can either precede or 
follow acquisition of aerial photography. When 
photography is taken specifically for a map­
ping project, it is possible to place ground 
control points in advance of the photo flight 
and premarked to make them visible on the 
aerial photography itself. 

The field crew conducting the survey is 
provided by the photogrammetrist with a to­
pographic map showing ideal locations for 
control. The stations shown can serve for both 
horizontal and vertical control or only one 
such function. 

Control points are marked on the ground 
by a target large enough to be visible at the 
scale of photography desired. Targets may be 



x- or T-shaped or occasionally circular. The 
control station itself is the target center. Mate­
rials used for targeting include cotton cloth, 
wooden panels, or plastic sheeting. Since such 
targets are subject to vandalism, targets painted 
on pavement are preferred. Placement of the 
targets is critical. They must be set out of 
shadow, on the side of hills facing the flight 
line, in areas providing sufficient contract be­
tween the target and background. Targets 
should be located on ground as flat and level 
as possible. 

The target itself must take a minimum 0.01-
in. (0.0003-m) image on the photo. Therefore, 
the total target size across in feet should be 
about 1/1000 of the photo-scale numerator, 
and the width of each leg in inches should 
also be 1/1000 of the photo-scale number. For 
example, if the photo scale is 1:12,000, the 
total target length is 1/1000 X 12,000 or 12 ft 
(3.6 m), and the width of the leg 1/1000 X 
12,000 or 12 in. (0.3 m). Increasing leg length 
and width is recommended in situations of 
poor contrast. 

Postmarking refers to control surveys under­
taken after aerial photography has been ob­
tained. Field crews are supplied with anno­
tated photographs showing physical features to 
be used as control points, which can serve for 
either horizontal or vertical control or both. 
Horizontal and vertical control surveys then 
locate the control points to be targeted. Cau­
tion by the field crew is necessary when post­
marking is used to ensure correct ground 
identification of points set for control pur­
poses. 

The precision required for both horizontal 
and vertical control surveys depends on a 
number of factors. If the control survey can be 
designed to serve purposes other than photo 
control, costs will be reduced. For example, if 
photo control surveys are also used in con­
struction, the cost can be prorated between 
two required operations. Photo scale must be 
considered, since for small-scale maps, lower 
control survey precision is acceptable than that 
required for large-scale maps. Finally, the areal 
extent of a control net and long distances 
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between control stations may require greater 
precision. 

For purposes of photo control only, in which 
a map is the end product, horizontal and 
vertical control should be at least third-order. 
To meet this precision, a simple traverse using 
theodolites and EDMIs is practical when areal 
extent and terrain permit. Vertical control can 
consist of differential or trigonometric level­
ing, depending on the precision needed and 
contour interval to be mapped. When the 
aerial extent of a project is large, horizontal 
control stations of the state plane coordinate 
system can often be used to advantage, with a 
horizontal control traverse beginning and 
ending on such stations. Bench marks refer­
enced to the National Geodetic Vertical 
Datum are similarly helpful. 

On completion of the control surveys, posi­
tional data in terms of x -, Y -, and z-coordi­
nates of the control stations are furnished to 
the photogrammetrist. 

20-7. STEREOPLOTTING 
INSTRUMENTS 

Three types of stereoplotting instruments are 
in current use for photogrammetric mapping: 
(1) optical projection, (2) mechanical projec­
tion, and (3) analytic plotting machines. 

The optical-projection plotter recreates the 
recorded scene by projecting light through 
photo diapositives (transparent positive prints) 
onto a platen. The image so projected can 
then be viewed stereoscopically by any of three 
viewing systems. The first of these is known as 
the anaglyphic method. The left- and right­
hand projection lamps of the plotter are cov­
ered by blue and red filters, respectively. The 
plotter operator wears glasses of correspond­
ing colors to view the stereomodel in three 
dimensions. 

The second viewing system is known as the 
polarized.platen viewing (ppv) method. This de­
sign requires polarizing filters on the projec-
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tor lamps. Polarized glasses worn by the opera­
tor provide stereoviewing of the model. 

The stereo image alternator system has a rotat­
ing shutter interposed between the operator 
and platen that alternately exposes the image 
formed by left projector and the correspond­
ing image formed by the right. Thus, the 
operator can view the stereomodel without 
using spectacles. An example of a projection­
type stereoplotter is shown in Figure 20-9. 

The primary advantages of the projection­
type stereoplotter are its simplicity and low 
cost. It has a disadvantage that for direct plot­
ting of a stereomodel, the map is compiled at 
the model scale. Hence, map scale is tied to 
projector magnification of the diapositives and 
ultimately to photo scale. This disadvantage 
can be remedied by installing a digitizing table 
and an encoder-equipped platen. Triaxial co­
ordinates of image features can then be stored 
on magnetic tape or disks and used to plot the 
map at any desired scale. 

Projection plotters are limited by the ability 
of the human eye to resolve detail as it ap-

pears in the stereomodel. This problem can be 
overcome by employing a mechanical plotter 
constructed so that an operator views the 
diapositives directly through a microscope 
to magnify the stereomodel. A system of 
rods mechanically recreates the stereomodel. 
Movement of the floating mark seen by the 
operator is duplicated by the mechanical rods 
and transferred to a tracing table, where the 
map is plotted. An advantage of the mechani­
cal plotter is that it can accept photography of 
the focal length of any commonly used aerial 
cameras. Also, the output format can be varied 
to provide a one to 10 times enlargement or 
reduction of photo scale. As a result, it is 
possible to use higher-altitude photography 
than would be possible with a projection plot­
ter and still produce a map at the same scale. 
A typical mechanical plotter is shown in Fig­
ure 20-10. 

The third kind of stereoplotter in common 
use is the analytic type. The analytic plotter 
does not use optical or mechanical systems to 
restitute photogeometry, but relies instead on 

Figure 20-9. Kelsh model projection-type 5030B plotter. (Courtesy of Danko Arlington, 
Inc.) 
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Figure 20-10. Wild 8-8 mechanical projection plotter. (Courtesy of Wild Inc.) 

computations using coordinates measured on 
photo points to define the map positions of 
features. An operator views the stereomodel 
through a variable magnification system, and 
the plotter provides a microprocessor system 
with coordinates of the features being mapped. 
A computer system then directs map plotting 
on a separate table. Usually, an analytic plotter 
incorporates a closed-circuit television system 
that permits the operator to monitor map 
preparation. A typical analytic plotter system, 

including the components just mentioned, is 
shown in Figure 20-11. 

20-8. STEREOPLOTTER OPERATIONS 

Stereoplotter operations include making rela­
tive and absolute orientations to tie the map­
ping photography to ground control and plot­
ting the map manuscript itself. These two 

/ 

Figure 20-11. Kern DSR-II analytic plotter. (Courtesy of Kern Instruments, Inc.) 
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operations produce a map that is accurate in 
scale and correctly portrays an area's topo­
graphic features. 

Prior to stereoplotter orientation, the aerial 
photography to be used is developed as a 
diapositive, rather than a paper print, and 
mounted in the plotter. Glass or film diaposi­
tives are employed in stereoplotters because 
these materials are dimensionally stable, 
whereas differential shrinkage of paper prints 
would cause distortions to appear in the result­
ing map. 

Diapositive mounting systems permit rota­
tion about three axes, referred to as the omega, 
phi, and kappa axes {lateral tilt, longitudinal 
tip, and azimuth} respectively. In the relative 
orientation process, the motions are alternately 
adjusted and readjusted to recreate on the 
stereoplotter the same geometric relationship 
between the photographs that existed when 
they were taken. The relative orientation pro­
cess is iterative and continues (except in ana­
lytical plotters) until this relationship is cre­
ated. When obtained, Y parallax has been 
removed from the stereomodel. Y parallax is 
the apparent displacement of the two measur­
ing marks in the Y direction with respect to 
each other. 

Following relative orientation, absolute orien­
tation of the stereomodel matches photo scale 
to map scale by orienting the stereomodel to 
the horizontal control points plotted on the 
map manuscript. Model scaling is followed by 
model leveling, which the stereomodel is ad­
justed to conform to the elevations of vertical 
control points determined by field surveys. 

With the relative and absolute orientations 
complete, mapping can finally begin. The 
stereomodel seen by the plotter operator is 
three-dimensional. It contains an index point 
at the center of the operator's field of view. 
The index point or floating mark can 
be moved by the operator about the x, y, 
and z stereoplotter axes within the three­
dimensional image created by the plotter ei­
ther horizontally, vertically, or both. All stere­
oplotters permit indexing the z-axis in the 

stereomodel against the vertical control points; 
some allow indexing the x- and y -axes also. 

The actual plotting of planimetric features 
within the stereomodel is done by coupling 
the x and y movement of the floating mark to 
a drawing or scribing device. Alternative, 
planimetric features can be described by the 
x- and y-coordinates, and the assignment of 
numerical codes to the points so defined facil­
itates computer plotting of the map features. 

Topographic features can be shown by con­
tours or as profiles taken across the stereo­
model. Contour points are located by setting 
the floating-mark index to the desired eleva­
tion and then moving it in the stereomodel 
until it appears to rest on the ground surface. 
The plotter operator then shifts the floating 
mark, being careful to keep it in contact at all 
times with the apparent model surface. Move­
ment of the floating mark in this manner 
draws the contour locations. As the contour is 
traced, the linkage system between the float­
ing mark and a plotting device draws or scribes 
the contour on the map manuscript. If an 
automated mapping system is used, x- and 
y-coordinates at the contour elevation being 
traced are sensed and recorded at predeter­
mined intervals of time or distance and trans­
ferred to a magnetic tape or disk for later 
computer plotting. The sequence of opera­
tions just described parallels the plotting oper­
ation as practiced in most medium- and large­
size organizations. 

20-9. MAPPING ACCURACY 
EVALUATION 

A mapping project should include both map 
accuracy requirements and the procedures to 
be used in accuracy testing. The specifications 
most commonly used in the United States are 
the National Map Accuracy Standards (NMAS), 
which require maps at scales of 1 : 20,000 or 
smaller to have 90% of the positional features 
tested within 1/50 in. at map scale of their 



Photogram1TU!try 501 

true ground position. For scales larger than 20-10. 
1: 20,000, the positional tolerance is 1/30 in. 

SIMPLE PHOTO 
MEASUREMENTS 

Further, 90% of all elevations tested must be 
within one-half of the contour interval shown 
on the map, regardless of map scale. The 
Engineering Map Accuracy Standards (EMAS) 
promulgated by the American Society of Civil 
Engineers are appropriate for large-scale maps 
used for engineering design and measure­
ment. The EMAS provide for specifYing limit­
ing standard and mean-absolute errors in three 
dimensions and can be tailored to meet accu­
racy requirements.2 

Proper conduct of the test survey is essen­
tial in map accuracy evaluation. First, there 
should be commonality of the control used in 
preparing the map and that used in accuracy 
evaluations. If map control is to be checked, 
the verification should be independent of the 
map accuracy evaluation process. Second, the 
evaluation survey must be of higher precision 
than the techniques used in preparing the 
map itself. This ensures that any error de­
tected is a function of a photogrammetric 
mapping mistake and not a result of the evalu­
ation survey. Third, the need for closed tra­
verses and level circuits must be recognized. 
Preferably, traverses should begin and end on 
established control to eliminate the effect of 
scale error. Fourth, if discrepancies are de-
tected, it is important that the field data in-
volved be rechecked before transmitting it to 
the photogrammetrist. In addition, possible 
causes for the error might also be examined. 
For example, if an error in contour location is 
detected, a recheck of the control on which 
the contours are based may reveal an excellent 
control survey, but transposed figures in con­
trol point elevations furnished to the pho­
togrammetrist. 

NMAS requirements are standard on 
governmental mappilIg projects. On private 
photogrammetric projects, the map accuracy 
specifications themselves, the conduct of the 
evaluation surveys, and the designation of who 
must conduct the surveys are all matters to be 
addressed in the mapping contract.3 

It is possible to make simple measurements of 
distance, area, azimuth, and elevation from 
paper prints of aerial photographs. The results 
will not approach the accuracy attainable with 
advanced stereoplotter or analytic photogram­
metric systems, but are useful in forestry, geol­
ogy, and boundary retracement applications. 

Basic measurement of distance, azimuth, 
and area can be made from a single photo­
graph. They are less subject to error from 
photographic distortion if made on the effoc­
live area of the photo rather than elsewhere. 
The effective area is defined as the part of a 
photo that is closer to the center of the photo 
being used than to any other photo center. 
On a 9 X 9 in. (23 X 23 em) aerial photo­
graph, the effective area measures roughly 4t 
X 6t in. (10 X 16 em) about the center of the 
photo, if we assume 60% endlap and 30% 
sidelap (see Figure 20-12). 

Photo measurements begin by determining 
the photo scale. This can be done by compar­
ing distances on the photo with the same 
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lengths measured either on the ground or 
from a reliable map. 

Example 204. Assume that the distance be­
tween ground points is 1427 ft (435 m). The 
corresponding photo distance is 2.47 in. (62 
mm). Photo scale is 

0.062 1 1 

435 X 7000 

With the photo scale determined, the 
lengths of other lines visible in the photo­
graph can be secured. In making photo mea­
surements, the most finely divided scale avail­
able is used. For example, at a photo scale of 
1: 12,000, 1/60 in. is equal to approximately 
17ft (5 m) on the ground. 

Area can be measured from single photos 
by summing the areas of component geomet­
ric figures. When irregular areas are to be 
determined, either a dot grid or polar 
planimeter can be used. The latter provides 
direct measurement of photo areas for conver­
sion to corresponding ground areas. A dot 
grid contains a known number of dots per 
square inch. Counting the number of dots 
included within tract boundaries and dividing 
by the number of dots per square inch give 
photo area, so the ground area can be com­
puted. 

To determine the azimuth of lines on aerial 
photos, at least one line of known azimuth 
must be visible on the photo. This can be 
observed in the field or scaled from a map. 
When section lines are visible, their cardinal 
orientation can be used as a reference. It is 
helpful to use a line of known orientation and 
protractor to draw a north arrow on the photo 
used for measurements. 

In addition to measurements of distance, 
direction, and area, heights of objects visible 
on photos can be determined by stereoscopic 
viewing. Stereoscopic or three-dimensional 
viewing of pairs of aerial photos is possible in 
overlapping parts of the photos. Measure­
ments are made using a parallax bar on photos 
viewed through a stereoscope (see Figure 20-
13). 

To measure parallax: (1) Locate the princi­
ple point on each photo at the intersection of 
lines drawn between the fiducial marks on op­
posite sides of the photo. (2) Mark each prin­
cipal point by punching a small hole in the 
photo itself. (3) Tape one photo to the table 
and observe both photos through the stereo­
scope. (4) Rotate the second photo until a 
stereoscopic image appears and tape the sec­
ond photo to the table. (5) Transfer the posi­
tion of the principal point of the first photo 
onto the second photo and mark the conjugate 
principal point with a pinhole. Similarly, trans-

• 
Figure 20-13. Parallax bar and stereoscope. (Courtesy of Topcon, Inc.) 



fer the conjugate principal point of the second 
photo onto the first. 

If the photos are correctly oriented, the 
principal and conjugate principal points of 
both photos will fall on a straight line. The 
line connecting these points is the x-axis used 
in parallax measurements. 

Next, it is necessary to determine the air 
base of the photography, which can be done 
in a number of ways. Perhaps the simplest, 
however, is to measure the distance between 
the principal and conjugate principal points 
on photo number one. 

If the photography scale and focal length of 
the camera used to obtain it are known, then 
it is possible to find the height of objects 
visible on aerial photos by Equation (20-8), as 
follows: 

(20-8) 

where 

h = height of the object 

PI and P2 = the parallax bar readings 

at the top and bottom 

of the object, respectively 

B = the air base 

A I = elevation above terrain 

of the photo 

Example 20-5. Aerial photography at a scale of 
1 : 12,000 has been obtained with a 6-in. 
(I53-mm) focal-length camera. The mea­
sured air base on the photography is 91.5 
mm, and the height above terrain at which 
the photos were taken was 6000 ft. A tree 
has a parallax bar measurement of 133.62 
mm on the base and 132.7 mm on the 
bottom. 

(133.62 - 132.70) 
h = ------6000 

91.5 

= 60 ft (18 m) 
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This formula is simple and its use limited to 
gentle terrain and average flying heights.4 

20-11. SPECIAL PRODUCTS 

In addition to preparing line maps, pho­
togrammetric techniques can be used to ad­
vantage for alternative map products. Perhaps 
the best known of these is an orthophoto as a 
substitute for a map. It shows the same detail 
provided by a photo and is an orthogonal 
projection suitable for scaled measurements. It 
is possible to superimpose map data, such as 
highway route numbers, place names, and 
contour lines on the orthophoto and produce 
an orthophoto map. The cost of constructing 
special-purpose, large-scale orthophoto maps 
is presently significantly higher than that for 
comparable line maps. An ortophoto plotting 
machine is shown in Figure 20-14. 

Another map product, available from ana­
lytic plotting systems, or from any system that 
can output map data in digital form, is an 
isometric projection of a mapped area. Typi­
cally, the mapping software used permits 
changing the horizontal and vertical scales 
and rotation of the projection axes. Such pro­
jections are pertinent in site planning, in stud­
ies of road location, and overburden volume 
distribution. 

A third product obtainable from the 
photogrammetric process consists of in situ 
volume estimates prepared without the inter­
mediate step of map preparation if the stereo­
plotter used is equipped with a digitizing 
system. The procedure employed consists of 
obtaining triaxial coordinates of points on the 
stereomodel corresponding to ground fea­
tures that have a proposed design elevation. 
Model and design data for these points are 
then used with appropriate computer software 
to provide volume estimates. 

Another product that is beginning to have a 
major impact on mapping sciences is the digi­
tal terrain model (DTM), which is a data file of 
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Figure 20-14. Kelsh K-320 Orthoscan with OTM converter. (Courtesy of Danko Arling­
ton, Inc.) 

the terrain, created from a stereomodel with a 
digitized stereoplotter. Thousands of points 
are measured with the plotter, and the x -, y-, 
z -coordinates of the points stored in com­
puter-compatible form. Many programs have 
been developed that manipulate data and cre­
ate a variety of graphical and statistical out­
puts; e.g., contour plats at various contour 
intervals and scales can be extracted from the 
DTM. Slope maps, aspect plots, elevation 
zones, seen areas, profiles, cross sections, over­
burden volumes, etc. are other examples. 

A DTM is created in the orthophoto pro­
duction process. The USGS is saving these 
digital models for 7 ~-min quads to produce 
orthophotos. Tapes of these digital elevation 
models (DEMO) in 7- or I5-m (RMS) accuracy 
can be ordered from the USGS through the 

National Cartographic Information Center, 
507 National Center, Reston, VA 22092. 

20-12. PHOTO INTERPRETATION 

Photo interpretation provides the surveyor with 
information useful for boundary retracement, 
control station recovery, and survey planning. 
The high cost of field operations justifies the 
lime spent in photo examination of the pro­
ject site, because it may indicate omitted deed 
calls, possible encroachments, or existing con­
trol adjacent to the project site. 

Boundary retracement is facilitated by plot­
ting deed calls to photo scale on clear acetate 
and then superimposing it on the photo. Co­
incidence with boundary indicators on the 



phot is readily apparent, and stereoscopic study 
unaffected by the transparent overlay. It must 
be noted, however, that absolute geometric 
registration is unlikely, due both to photo dis­
tortions and field measurement errors. When 
used in this manner during the planning of a 
survey, utility easements, existing rights of way, 
and cemeteries-which may require fur~her 
deed research for accurate location-become 
apparent. 

Boundary indicators on aerial photos in­
clude lines of trees, fence rows or fences, land 
use changes, forest type or age changes, roads, 
railroads, streams, and ridges. Although many 
of these indicators can be seen on single pho­
tos, additional data are available when stereo­
scopic examination is used. When boundary 
identifiers are visible on aerial photography, 
approximate measurements of distance, direc­
tion, and area made as previously described 
are useful to either reject evidence shown on 
the photo or to accept it for ground study. 

Site drainage information to aid boundary 
retracement is best obtained using stereo­
scopic study. In addition to streams and visible 
drainage ways, low areas can be indicated by 
topographic relief or vegetation types. For ex­
ample, in the northeasthern United States, a 
change from spruce fir forest cover to alder, 
red maple, and cedar usually indicates the 
existence of a poorly drained area, whereas in 
the Midwest, grassed waterways in fields indi­
cate drainage sites. 

All the boundary indicators noted vary with 
time. As a result, photography taken at differ­
ent times and seasons will indicate the location 
of different or additional boundary lines. Mul­
tidate photography is available to surveyors at 
many Agricultural Stabilization and Conserva­
tion Service and Soil Conservation Service of­
fices. In addition, a listing of all the mapping 
photography for a specific area held by the 
federal government can be obtained from the 
National Cartographic Information Center. 

Aerial photos are also useful in planning 
and recovering control station location. Con­
trol station descriptions, obtained from the 
National Geodetic Survey, can be plotted on a 
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photo and taken to the field by the survey 
crew to aid in recovery. The location of inter­
visible control can be estimated from stereo­
scopic examination of control station locations 
and intervening land cover and topography. 

20-13. CLOSE-RANGE 
PHOTOGRAMMETRY 

By common definition, the term terrestrial pho­
togrammetry is applied to projects in which 
photographs are taken from the ground, and 
the object distance is about 1000 ft (300 m) or 
greater. Close"T'ange photogrammetry (CRP) ap­
plies to projects in which the object distance is 
shorter than 1000 ft. As generally applied, 
terrestrial photogrammetry is used as a terrain 
mapping tool, whereas close-range pho­
togrammetry can be employed to "map" or 
measure practically any surface or object. 

20-14. APPLICA liONS 

Surveyors, as expert measurers, are often called 
on to make measurements of unusual shapes 
and objects. The expert measurer must be 
aware of measuring tools that can be applied 
for unusual applications such as close-range 
photogrammetry. This method has been used 
successfully to model surfaces and shapes such 
as ship hulls and propellers, aircraft fuselages 
and wings, and architectural works. It has been 
used to monitor retaining wall movement, de­
formation of large structures, errosion from 
earth slopes, and to "map" sculptures, the 
anatomy of live bodies, and the surfaces of 
teeth. The potential of close-range pho­
togrammetry to map, model, or measure 
shapes and surfaces appears to be virtually 
unlimited. Of course, several of the examples 
cited are primarily of academic interest, but 
they indicate the potential. Prime applications 
are those concerned with structural, industrial, 
and architectural fields. Techniques for such 
applications will be discussed here. 
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20-15. PHOTOGRAMMETRIC 
SYSTEMS 

Before deciding which camera and restitution 
systems will be utilized, a careful assessment of 
the required measurement accuracy must be 
made. The total "error budget" can be allo­
cated to three components-i.e., control, 
camera, and restitution errors. If we consider 
control errors separately, camera-restitution 
components are the key elements of a pho­
togrammetric system. Essentially three combi­
nations are available: (1) a metric camera with 
analogue restitution, (2) non metric camera 
with analytical restitution, and (3) metric­
analytical camera. Compromises on the cam­
era side of the combination require higher­
order restitution equipment and vice versa. If 
measurements are to be made in only two 
dimensions versus three dimensions, the sys­
tem and control requirements can be substan­
tially modified. 

20-19. CAMERA SYSTEMS 

Generally speaking, any high-quality camera 
can be used for close-range photogrammetry. 
However, the use of nonmetric cameras re­
quires fully analytic restitution techniques to 
achieve any level of confidence in the accu­
racy of results. In the absence of analytical 
capability, metric cameras are a practical must 
(Figure 20-1). There are several single and 
dual metric camera systems on the market, 
with a variety of formats ranging from 6t X 9 
cm to 23 X 23 cm.5 

Several integrated systems comprising stere­
ometric (dual) cameras mounted on a bar with 
a precisely known base and matching stereo­
plotter specifically made for close-range work 
are also available. These systems offer the ad­
vantage of quicker photo acquisition and re­
duced object-space control requirements. They 
are particularly suitable for applications in-

volving numerous repetitions of similar type. 
For example, these systems are extensively used 
in Europe for automobile accident documen­
tation and investigation. 

Camera format and focal length must be 
considered in relation to object size, number 
of stereomodels required for coverage, control 
and accuracy requirements, and plotting 
equipment available. Obviously, single model 
coverage is desirable for reasons of control 
economy, ease of planning, plotting, etc. 
Model coverage is a function of object dis­
tance, focal length, and format. Accuracy is a 
function of focal length and camera base, but 
focal length may be limited by the stereo­
plotters. 

Phototheodolites are useful in certain ap­
plications where object-space control is diffi­
cult to achieve. Rotations of the camera and 
theodolite axes can be recorded to facilitate 
plotter setup. However, since small rotation 
errors will be magnified in the plot, such con­
trol systems are not capable of the highest 
accuracies. 

Conventional analogue topo-mapping plot­
ters are designed for 9 X 9 in. format photog­
raphy. They have a finite range offocallengths 
and may put restrictions on camera bases and 
z range. If the camera focal length cannot be 
reproduced in the plotter, three-dimensional 
plotting is not possible without special tech­
niques, either by enlarging the photo to stimu­
late a photo of acceptable f or using affine 
restitution. In both cases, accuracy suffers 
somewhat because of the additional steps re­
quired. However, two-dimensional plotting is 
possible so long as the model is leveled well to 
make the plotting plane parallel with the film 
plane. Thus, close-range photogrammetry may 
be limited with conventional analogue stereo­
plotters, and the user must understand the 
restrictions. The restrictions do not affect those 
plotters specifically designed for close-range 
work, nor do they apply to analytical plotters, 
since solutions to the space relationships are 
solved mathematically rather than mechani­
cally. 



20-17. PLANNING 

The normal case assumes that camera axes are 
nominally horizontal and parallel, and on a 
common base line (see Figure 20-15). Other 
geometrical relationships are possible, such as 
convergent photography, particularly with an­
alytical plotters. However, by far the greatest 
number of structural and industrial uses can 
be accommodated with typical geometry. For 
planning purposes, the size of an object to be 
mapped and the clear unobstructed space in 
front if it must be determined. The key objec­
tive in planning is to achieve complete cover­
age with as few models as possible, consistent 
with accuracy requirements. Format, focal 
length, and object distance all figure in this 
objective. The maximum object distance D 
theoretically possible to achieve a specified 
accuracy in the XZ -plane is determined from 

Object 

Camera 
station 

F.gure 20-15. Normal case, CRP, plan view. 
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Equation (20-9), as follows: 

dx = dz = ±DdPlf (20-9) 

where dx, dz are errors on the vertical plane, 
D is the object distance, f the focal length, 
and dp the pointing error on the measuring 
mark (dp typically ranges from 2 to 20 /Lm 
RMS). A conventional mapping coordinate sys­
tem in the XZ -plane is assumed. Some plot­
ters permit interchanging the Y and Z mo­
tions, so if the camera axes are parallel, a 
stereogram can be treated like conventional 
vertical 
photos. 

The vertical unobstructed coverage of a 
model can now be computed by the known 
geometric relationships (Figure 20-16). Note 
that all the vertical format may not be usable, 
since the foreground may occupy a large per­
centage of the scene unless the camera is 
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Figure 20-16. Normal case, CRP, profile view. 

elevated with respect to it. Assuming flat ter- lated by 
rain and the camera at ground level, we can 

D2 compute the minimum object distance in which 
the whole object can be photographed in one 
frame as follows: 

(H - h)j 

1/2a 
(20-10) 

where H is the height of an object, h the 
camera height, and a the vertical format di­
mension between the fiducial marks. For tall 
objects, Dmin may be greater than Dmax' In this 
case, the camera must be elevated to use the 
entire frame, or perhaps multiple levels of 
photography will be required to assure at least 
20% overlap. 

The base-to-object distance ratio (B J) ra­
tio) should be greater than about 1/3 to 1/4 
(0.33 to 0.25) for stereoscopic viewing, and no 
lower than about 1/20 (0.05) for geometric 
and photogrammetric strength of figure. The 
range of acceptable BJ) ratios may be further 
modified by the plotting equipment and cam­
eras used. For example, the "8" range on one 
popular mapping plotter requires the B J) 

ratio to be greater than 1/5.6 (0.18). 
For many applications, accuracy in the Y 

direction (parallel with the camera axis) is not 
critical. But when it is, accuracy can be calcu-

dy = +--'p. 
- j(B) 

(20-10 

A B J) ratio near the upper limit may be 
necessary for specified accuracies in the Y 
direction. For usual situations, a B J) ratio of 
about 1/10 represents a good compromise, 
accuracy and equipment limitations permit­
ting. 

20-18. CONTROL 

Control is required to establish model scale 
and define the origin and orientation of the 
three-axis coordinate system in which the 
stereomodel will be plotted. These require­
ments can be satisfied by using either control 
in model space, or by surveys of the camera 
locations, object distances, and orientation of 
the camera axes. Since small measurement 
errors in camera orientation are magnified in 
plotting, the latter technique is suitable only in 
situations where high accuracies are not of 
primary concern. The first method, however, 
is completely similar to aerial photogrammet­
ric techniques and therefore readily under­
stood and capable of the greatest precision. 

To achieve the highest accuracies, several 
well-distributed, carefully coordinated, suitably 



marked points must be established in the 
model. For metric cameras and analogue plot­
ters, four points are needed; six points are 
required for non metric cameras and analytical 
plotters. The survey of these control points is 
achieved by standard methods, with special 
care to assure necessary precision. 

A much simpler technique involving only 
basic surveying operations is suitable for many 
applications. One or more plumb lines are 
established in the object space, either with an 
actual line, targets on a plumb line, or a 
leveling rod held vertically. A horizontal line is 
established parallel with the plotting plane, 
either in the same plane as the plumb line or 
on a parallel one at a known distance from the 
plumb line. Known distances are introduced 
on both horizontal and vertical lines. If Y-axis 
measurements are to be taken, a third hori­
zontal, orthogonal line in the Y-direction with 
known distances is established. For many ar­
chitectural applications, the building itself may 
be used to establish horizontal and vertical 
lines and the known horizontal distances can 
be measured. 

20-19. PHOTOGRAPHY 

Depending on the camera, roll film, cut film, 
or glass plates may be used. For the latter two, 
some foolproof system of separating the ex­
posed from the unexposed stock has to be 
devised and strictly followed. In addition, some 
means of scene and exposure identification is 
necessary. A notebook can be kept, recording 
the exposure number and scene. Far better is 
a title placed in the scene giving the date, 
location, and other pertinent information. It 
must show images on both stereopairs for an 
unambiguous record. 

A high-quality exposure meter is a must. It 
is recommended that two extra exposures be 
taken, one stop over and one under the indi-
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cated setting to permit selecting the exposure 
with the best contrast and detail for plotting. 

20-20. SUMMARY 

Photogrammetry provides surveyors with a 
mapping and estimating tool that produces 
decided cost benefits for certain projects, when 
compared to conventional field methods. The 
economic advantages offered by photogram­
metric techniques depend on the project size 
and accuracy requirements. 

NOTES 

1. J. E. Colcord. 1981. Photogrammetry as an aid 
to triangulateration traverse reconnaissance. 
Proceedings of the 41st ACSM Annual Meeting. 
Washington, D.C., pp. 483-491. 

2. ASCE. 1983. Map Uses, Scales, and Accuracies for 
Engineering and Associated Purposes. New York. 

3. For an at-length discussion of photogrammetric 
mapping contracts, see C. C. Slama, ed., 1980. 
Manual of Photogrammetry, 4th ed. Falls Church, 
VA: American Society of Photogrammetry. 

4. For more precise methods of measuring height 
and elevation, see P. R. Wolf. 1983. Elements of 
Photogrammetry, 2nd ed. New York: McGraw-Hill. 

5. For a list of camera systems available, see Hand­
book of Non-Topographic Photogrammetry. 1985. 
Falls Church, VA: American Society of 
Photogrammetry. 
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Compass Surveying 

F. Henry Sipe 

21-1. INTRODUCTION 

Compasses discussed in this chapter are de­
vices used to determine direction, with a mag­
netized needle balanced on a pivot. The nee­
dle and pivot are housed in a box containing a 
circular ring divided into degrees and/or 
half-degrees. When a compass is held steady 
and the needle swings freely, it points in a 
northerly-southerly direction, and the degree 
mark to which it points can be read on the 
circle. 

Ancient civilizations did not have a com­
pass; they navigated chiefly by stars, winds, 
waves, and landmarks. Discovery of the com­
pass needle opened the universe to explo­
ration. Colombus used a compass on his voy­
age to America in 1492, and he may have been 
one of the first long-distance travelers to verify 
a difference between magnetic and true north. 

A forerunner of the compass needle was a 
mineral called "lodestone." About the 10th 
century A.D., it was discovered that a piece of 
lodestone floating in water on a reed-or 
perhaps suspended from a thread-always 
came to rest in a certain position. Although it 
is now popularly believed that the needle 
points toward a "magnetic pole," this is wrong. 
Its direction depends on the horizontal com-
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ponent of the magnetic field where the com­
pass is located. 

Lodestone has an attraction for iron and 
can transfer this quality to iron itself. Legends 
say that the Chinese knew about magnets 2500 
B.C. However, it was not until about the 11th 
century A.D. that the practical use of a magne­
tized needle for navigation became known. A 
compass needle on a pivot in a circular hous­
ing whose rim was graduated was described by 
a Frenchman named Peregrinus in 1269 A.D. 

The circle was first divided into 8 parts, then 
later 16, 32, 64, and now 360 (or 720 if half­
degrees). 

Progress in applying the compass needle 
was slow. The compass we know today is not 
an instrument of the highest accuracy, but it 
does have the advantages of simplicity, low 
cost, and ease of use. 

Most early land surveys in the United States, 
induding those by George Washington, were 
made "by the needle." It was an essential tool 
for exploring and mapping America. And de­
spite the development of transits, theodolites, 
and electronic measuring devices, the compass 
(often still part of transits and theodolites) 
remains a valuable instrument. 

This chapter describes various compasses 
and their uses for persons who have a limited 



background in them. It can help foresters, 
geologists, archaelogists, builders, real estate 
people, land developers, and lawyers. Many 
engineers and surveyors do not receive ade­
quate compass instruction, and they should 
find this chapter helpful. 

21-2. COMPASSES AND THEIR USE 

In a broad sense, surveying includes explo­
ration or orienteering, making or interpreting 
maps, and locating property boundaries, roads, 
bridges, buildings, or other structures. The 
word "survey" is said to come from the French 
and means to "view" or "oversee." Only those 
uses in which the compass is the main instru­
ment are discussed in this chapter. Simpler 
compasses will be described first and then 
more sophisticated ones. 

, 'Pocket" or hand-held compasses are small 
compasses not designed to be mounted on a 
tripod and should not be used to mark prop­
erty boundaries. Instructions come with the 
better ones. One well-known type is shown in 
Figure 21-1. Graduation marks may be in 900 

quadrants or in 2600 azimuths. Some are 
liquid-filled to allow the needle to come to rest 

Figure 21-1. Silva-type 15 compass. (Courtesy of Silva 
Compass.) 
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quickly. The Suunto compass is held close to 
the eye; by an optical illusion, the vertical sight 
line appears to project above the compass. 

Tripod compasses can be mounted on a tri­
pod or Jacob staff. The latter is a wooden pole 
sharpened at the bottom (often tipped with 
metal) and tapered at the top to fit into a 
balljoint socket. The staff was commonly used 
for early surveys. It cannot stand on hard 
surfaces, lacks stability, and is not recom­
mended for property boundary surveys. It may 
be employed to run timber cruise lines or for 
reconnaissance with greater accuracy than a 
hand compass. 

One of the best-known tripod compasses is 
the Brunton (Figure 20-2). It is graduated in 
quadrants or azimuths and can be tilted to 
read vertical angles. With a needle about 2 in. 
long, it can be read to the nearest degree, 
although some models have digital readouts. 
The Brunton is used for preliminary surveys, 
road layouts, timber cruising, reconnaissance, 
and topographic work. 

Other open-sight compasses are made by 
Keuffel & Esser, Warren-Knight (Figure 21-3), 
and formerly Gurley, and have these features: 
(1) tripod or Jacob staff mount, (2) needles 3 
to 5 in. long, (3) graduations to degrees or 
half-degrees in quadrants or azimuths, and (4) 
folding sights-some with verniers and decli­
nation adjustments. Bull's-eye levels and ball-

Figure 21-2. Brunton compass. (Courtesy of Forestry 
Suppliers.) 
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Figure 21-3. SUJVeying compass. (Courtesy of Warren­
Knight Co.) 

joint sockets are used for leveling the compass. 
Cardinal directions are reversed to provide 
direct reading. 

A good open-sight compass is suitable for 
surveys requiring accuracies of 1:2000 to 
1 :3000. A proficient operator should get 1 :2000 
at a lower cost than with telescopic instru­
ments for woods surveys. An important advan­
tage of a compass is that errors tend to com­
pensate, whereas errors with plate instruments 
can accumulate. 

Woods surveys are sometimes made with 
compasses built into or affixed to transits or 
theodolites with a telescope replacing an open 
sight. These telescopic instrurtUmts with compasses 
are heavier, more awkward to handle, take 
longer to use, and cost more than an open­
sight compass. Their use is not justified for 
surveys requmng an accuracy lower than 
1:2000. They will not be described in this 
chapter. 

21-3. MAGNETIC DECLINATION 

Little is known about the earth's magnetism. 
There is a concentration of magnetic force in 
northern Canada and south of Australia. In 

Canada, the "center" is about 75° north lati­
tude and 101° west longitude, but it moves and 
changes intensity. The north end of a compass 
needle dips more and more when nearing the 
North Pole, so a counterbalance is placed on 
the south end. In the south magnetic field, the 
situation is reversed. Near both pole areas, the 
needle loses its sense of direction and remains 
in any set position. 

Because the center of greatest attraction is 
not at the true geographic poles, a magnetized 
needle points to true geodetic north in only a 
few places. Figure 21-4 shows the U.S. Govern­
ment Isogonic Map of Declination in the 
United States for 1985. The line ofzero decli­
nation is called the agonic line. In the United 
States, declination is west on the east side of 
this line and east on the west side. An isogonic 
map may be purchased from the Arlington 
and Denver offices of the U.S. Geological Sur­
vey; ask for the latest map-it is printed about 
every five years (1985, 1990, etc.). 

The term declination should not be con­
fused with variation. Declination is the angle 
between true north and magnetic north at a 
given time and place. Variation is the change 
in declination of the needle caused by the 
passage of time and other disturbances. In 
Colonial times, surveyors often used the word 
variation when they meant declination as used 
today. 

21-4. HOW TO DETERMINE 
DECLINATION 

1. The most accurate declination at a given 
location can be obtained from the National 
Geophysical Data Center (NGDC), National 
Oceanic and Atmospheric Administration 
(NOAA), E 62, 365 Broadway, Boulder, CO 
80303 (phone 303-497-6478 or 6222). Give 
the point's latitude and longitude to the 
nearest minute or two, or the exact state, 
county, city, township, and/or location. If 
the latitude and longitude are given, the 
declination can often be obtained during 
the original phone call or a return phone 
call. 
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Figure 21-4. Isogonic chart for 1985. (Courtesy of U.S. Geological Survey.> 

2. A second method to interpolate the declina- nation is calculated by reading the bearing 
tion for your location is from an isogonic of a reference mark and subtracting the 
map; update it by adding to a west declina- smaller bearing from the larger one. Gov-
tion the annual west change multiplied by ernment azimuths are referred to south. 
the number of years since the map was 5. Declination can be determined at a national 
printed. Subtract from an east declination geodetic marker. The National Geodetic 
the annual west change. The agonic line has Survey (NGS) has installed many markers in 
been generally moving westward for many the United States. Read the magnetic bear-
years. ing from the station to one or more refer-

3. Another procedure is to calculate it from ence marks, calculate the line's true bearing 
the declination shown on a 7 t-min govern- from its azimuth and subtract the smaller 
ment quadrangle covering the place of sur- bearing from the larger. A description of 
vey. This figure is for the quad center and any station can be obtained by writing to the 
year of publication in the lower right-hand Director, NGS, Information Center C18, 
corner. It must be updated by the method Rockville, MD 20852 (phone 301-443-8631). 
described under secular variation. Give the latitude and longitude of the marker 

4. The U.S. Geological Survey has established or place and ask for a copy of the horizontal 

magnetic stations at several thousand places control data sheet for that station. An NGS 

in the United States. Reference marks are marker can have several drawbacks-e.g., it 

visible from the stations unless foliage or may be inaccessible or obliterated. 

new structures intervene. A description of 6. A sixth method involves the establishment of 
the Elkins magnetic station is given in Figure your own meridian station. Select a conve-
21.5. nient place at the county seat, preferably in 

The description of any magnetic station an open spot on public property or on a 
can be obtained from the NGDC. The decli- school campus. Do not set both a north and 
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south station. Set one marker, make a true 
meridian obseIVation, and read a true bear­
ing to three or four prominent points sev­
eral hundred feet away. Then, set a compass 
over the station, sight on a reference mark, 
and read the magnetic bearing. Declination 
at that time, date, and place for a particular 
compass is found by subtracting the smaller 
from the larger bearing. Do this on three or 
four days at about 6 PM and average the 
readings. Government quads show whether 
the declination is east or west. 

21-5. MAGNETIC VARIATION 

Magnetic needles change direction because of 
secular, daily, and irregular variations. Secular 
variation is the change in declination over 
long periods of time. For many years, the U.S. 
government has operated observatories to 
record these shifts. Available tables show 
movement over the last 200 or more years for 
latitudes and longitudes at 5- to lO-yr intervals. 
Tables for an entire state are reasonably priced 
and can be obtained from the NGDC; a 
computer-derived table for a given location 
can also be purchased from the NGDC. If 
there are no natural or artificial disturbances, 
the table's accuracy in recent decades is prob­
ably within 2 min for a 10-yr period. Secular­
change data are less reliable for early years. 

Chart and tabular values of magnetic decli­
nation, computer-derived from a magnetic 
field model, are considered to be accurate 
within ~o. Data from repeat stations are ob­
served readings updated using secular change 
from the model and accurate enough for 
a surveyor to get a reliable compass index 
correction. 

For many years, surveyors in the eastern 
United States used a rule of thumb of 1 ° varia­
tion for every 20 yr. It should be discarded in 
favor of government tables or actual ground 
observations. Future variations cannot be ac­
curately predicted. 

Since government tables are only to the 
nearest degree of latitude and longitude and 
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in 5- or lO-yr intervals, it is necessary to find 
variation by interpolation for a more specific 
location and year (see Figure 21-6). The figure 
is based on an original survey made in 1890 
and a resurvey made in 1983 at latitude 38°40' 
and longitude 79°20'. A circle locates the sur­
vey. The 1890 declination is given at four 1° 
intersection lines, interpolated to 1980 as 4°17' 
for point of survey. (It is immaterial whether 
interpolation is up-down or left-right). The 
change to 1980 must then be brought up to 
1983. The 1980 isogonic map shows an annual 
change of 8.1' at the survey location. Assum­
ing a uniform continuation from 1980 through 
1983,add(8.1 X 3) + 4°17' = 4°41'. Although 
these calculations appear very accurate, in re­
ality they are merely the best approximation 
obtainable from presently available ways to 
handle data on a continental basis. 

Secular variation can often be found in a 
more practical way. If a line is resurveyed 
between two authentic markers and its present 
bearing determined, the difference between 
the present bearing and that of a former sur­
vey is the variation. 

Secular variation of one line does not nec­
essarily agree with variation of an adjoining 
line in the same deed description; the two 
lines may have been surveyed at difforent times. 

Long. 80° 
6 ° 15 '(1890) 

Lat. 39° 
2° 05 '(1980) 
4° 10' 

79° 20' 

I 
Long. 79° 

7 ° 10' (1890) 

40~7' 2°50' (1980) 
i 4° 20' 

I 
I 

38°40' -r----------~----- -

Lat. 38 ° 

4°11' 4°17' 4°20' 

5 ° 55 '(1890) 

1 °43 '(1980) 
4° 12' 

i 
I 
I 
I 
I 
I 
I 
I 
I 6 ° 45' (1890) 

2 ° 24' (1980) 
4°18' 4°21' 

Figure 21-6. Calculation for secular variation. 
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This is a common cause of failure of "calls" 
(bearings and distances) to close when plotted 
on paper. Also, because land has been sub­
divided and transferred many times, landown­
ers and lawyers have arbitrarily selected calls 
originating many years apart and placed them 
in new deed descriptions, not realizing that 
magnetic bearings of lines change as years 
pass. 

Misunderstanding secular variation can 
cause boundary disputes. For example, a line 
whose original bearing was N 50° E may now 
be N 54° E. If a surveyor now runs the line as 
N 50° E, it will encroach on the owner to the 
left (northwest) side of the correct line. 

A compass needle also changes direction 
throughout the day because of daily variation. 
During morning daylight hours, the north end 
of the needle is east of its mean position for 
the day; in the afternoon, it is west of its mean. 
Table 21-1 from U.S. Government Publication 
No. 40-1 shows daily variation at three places. 
Movement may be related to the sun and 
ionosphere electric currents; it can be allowed 
for with a vernier and is not significant on 
small surveys. 

A needle does not follow the chart in Table 
21-1 on stormy days not related to visible wind 

or rainstorms. Magnetic storms of sufficient 
magnitude to affect surveyors' field work 
schedules are rare, perhaps one day in five 
years. Magnetic conditions and forecasts are 
available from NOAA, Space Environment 
Service Center, R432, Boulder, CO 80303. 
Magnetic storms are seldom a factor in the 
day-to-day use of compasses. 

Deposits of iron ore in parts of the United 
States seriously affect compasses. An isogonic 
map shows areas where actual declination has 
been observed to vary as much as several de­
grees from normal. For example, in the Mesabi 
Iron Range of northern Minnesota, the map 
shows a difference of 11 to. Other ores and 
geological formations may cause lesser distur­
bances. Using a compass near magnetic ore de­
posits requires special study and experience. 

Every piece of survey equipment and clothing 
containing ferrous metal must be tested to see 
if it affects the needle and, if so, kept at a safe 
distance or a nonferrous item substituted. 
Some questionable articles are eyeglass frames, 
the eyelet on a magnifier, belt buckle, wrist­
watch, or a notebook and pencils. 

Surveyors must be alert to detect and avoid 
or compensate for miscellaneous disturbances on 
or near the line of sight the might affect the 

Table 21·1. Average daily variation of needle for 10 "quiet" days of month, rounded to nearest minute* 

Standard January and February March and April May and June 
Time November and December September and October July and August 

Sitka, Cheltenham, Tucson, Sitka, Cheltenham, Tucson, Sitka, Cheltenham, Tucson, 

AK MD AZ AK MD AZ AK MD AK 

SAM +2 +2 +2 +5 +5 +4 +S +6 +5 
gAM +2 +3 +3 +5 +4 +3 +S +5 +3 

lOAM +2 +2 +2 +4 +2 +1 +5 +1 0 

11 AM +1 0 +1 +2 -1 -1 +1 -2 -2 
Noon 0 -2 -1 -1 -4 -2 -2 -5 -3 

1 PM -1 -3 -2 -2 -5 -3 -4 -6 -4 
2 PM -2 -3 -2 -3 -5 -3 -5 -5 -3 
3 PM -2 -2 -2 -3 -4 -2 -6 -4 -2 
4PM -2 -2 -1 -3 -2 -1 -5 -2 -1 

5 PM -1 -1 0 -3 -1 -1 -4 -1 -1 

6PM -1 0 0 -2 -1 -1 -2 0 0 

"'A plus sign means the north end of the needle is east of its mean position for the day; a minus sign, the needle west of its mean 

position. 
Source: Adapted from J. H. Nelson, L. Hurwitz, and D. Knapp, 1962, Magnetism oj the Earth, U.S. Government Publication No. 
40-1, U.S. Coast and Geodetic Survey, Washington: U.S. Government Printing Office, p. 43. 



compass needle. The longer the needle, the 
more sensitive it is. The distances shown here 
are the closest a Warren-Knight surveyor's 
compass model 40-1300 should come to cer­
tain objects: 

1. Rusty barbed wire fence on ground: little 
effect 

2. Rusty barbed wire fence standing: 15 to 
20 ft 

3. New wire fence: 20 to 25 ft 

4. Automobile (compact): 50 ft 

5. Railroad track (90-1b rails): 75 ft 

6. Gas pipelines (26 to 36 in. in diameter): 
100 ft 

7. Culverts and pipes: variable 

There is widespread belief that electric lines 
interfere with compass needles. U.S. Govern­
ment Publication No. 40-1 states: "For­
tunately, alternating currents have no percepti­
ble effect on the ordinary compass, since di­
rection of the resulting magnetic field changes 
so rapidly the compass cannot respond to it." 1 

However, direct current will affect a needle. 
Metal in most electric wires is nonferrous, but 
steel towers supporting them will have a seri­
ous effect. 

The best way to avoid magnetic objects 
found on the ground, such as junk piles, is to 
set a station safely beyond the disturbance or 
project the line from the backsights. 

21-6. ACCESSORY EQUIPMENT 

A 200-ft Lietz utility fiberglass tape, graduated 
in feet and tenths, is preferred for a compass 
survey. It is inexpensive, easy to read and see 
in the woods, does not break if kinked, and 
can be "done up" in a loop from hand to 
elbow like a clothesline. A 200-ft Lietz utility 
tape stretches about t in. more than the same 
length steep tape in hot weather if equal ten­
sion is applied, so a pull about 5 lb lower than 
for a steel tape is recommended. Too tight a 

Compass Suroeying 517 

pull can, however, help compensate for sag or 
tape being off-line. 

One surveyor suggests that a cut fiberglass 
tape can be repaired by peeling off about tin. 
of the outer coat on each end. Cut two thin 
metal shims about 1 ~ in. long and a little 
narrower than the tape. Punch a small hole 
through them at each end. Place the tape ends 
together, place a shim on each side with the 
burred side next to the tape, and tap a ~-in. 
brad through each set of holes and tape. Glue 
shims to the tape, cut of the brads and batter 
them, cover the splice with fiberglass glue or 
sealer, and let dry; file off any projections. An 
emergency splice can be made by punching a 
hole through the two ends, inserting a 2-in. 
paper clip through the holes, and wrapping 
the splice with friction tape, wire, string, or 
strapping tape. 

RiLnge poles in common use are too narrow 
for good compass surveys: They are hard to 
see in the woods. Three kinds of larger poles 
are available: (1) 1 ~-in. ID PVC white drain, 
waste and vent pipe; (2) aluminum tubing, and 
(3) 2.375-in. OD white PVC pipe. They are 
available at many builders' supply houses. 
Some surveyors prefer a 2.375-in. pole with 
rod level and red enamel painted 12-in. band 
beginning 12 in. back from each end. A 6~-ft 
length is good because it places the red band 
at about eye level for an average-height per­
son, where it can be used for sighting vertical 
angles. If the diameter is too large to fit a 
hand, a screen-door handle can be screwed to 
the pole. 

Vertical angles may be read with a Suunto 
clinometfff or Abney level (see Figure 21-7). The 
Suunto is preferred because it is faster in 
woods. The surveyor and frontperson should 
read their clinometers to the nearest ~ 0 to a 
point on the rod or on the other person at 
the observer's eye height-i.e., parallel to the 
ground. If readings differ by more than {-0

, the 
operation must be repeated until they agree 
within that limit. If unequal readings result 
using one versus two eyes, heterophoria may 
exist. (Heterophoria is "insufficient action of 
one or more muscles of the eye, so one eye 
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FJgure 21-7. Suunto clinometer. 

deviates from the correct direction.") If it does, 
a comparison of vertical angles read with a 
transit will indicate whether one or two eyes is 
better. There can be a slight index difference 
between Suuntos, so they should be tested 
with a transit. 

An anvil-type shrub pruner, carried in a hip 
pocket, is a good substitute for a machete in 
many surveys. It is lightweight, not dangerous, 
and it can cut branches up to ~ in. The 
average frontperson tends to cut too much 
brush, especially with a machete; most of the 
cut brush is uselessly off the line of sight, 
thereby slowing the work. If a pruner cannot 
do the job, use a hand ax. 

21-7. SURVEYING WITH AN 
OPEN-SIGHT COMPASS 

This section describes how to survey with a 
Warren-Knight surveyor's compass model 40-
1300. In a flat field devoid of magnetic distur­
bance, establish a closed traverse with five 
sides of 175 to 200 ft each. Set a hub and 
center tack at each corner and measure be-

nearest minute and repeat for the remaining 
lines. Employ the compass bearing of the first 
line as a transit bearing and convert transit 
angles to bearings. If the compass survey has 
been well-done, compass bearings should be 
within 5 to 10 min of the transit bearings. 
Using taped distances and observed compass 
bearings, calculate the error of closure by lati­
tudes and departures. If the error is poorer 
than 1 in 2500, repeat the compass survey 
until it is consistently better. 

21-7-1. The Vernier 

To operate the vernier on the Warren­
Knight 40-1300 compass, set up at the first 
station with the plumb bob and set the vernier 
to zero. Sight on the next marker, clamp the 
spindle, and bring the vertical thread on line 
with the hub, using the balljoint tangent screw. 
Next, read the bearing of the line, estimating 
minutes. Turn the vernier control knob (with 
the vernier clamp loose) under the south vane 
until the needle rests at the next lower gradua­
tion on the outer circle. For example, if the 
bearing is estimated as N 54°10' E, rotate the 
circle until the needle reads N 54° E and read 
the vernier to determine the extra minutes. 
The answer should not be far from 54°10'. 

The Y (zero) of the inner vernier arc will be 
to the left of the outer ring zero for NE and 
SW quadrant lines; to the right in NW and SE 
quadrants. A similar procedure is followed for 
reading minutes, when running a line with a 
bearing predetermined to the nearest minute. 
For example, a trial line is run and misses the 
objective by too great a distance for easy off­
setting to the true line. Calculate the correct 
bearing to the nearest minute and rerun the 
line on that bearing. 

tween them to the nearest 0.01 ft. Measure all 21-8. PRELIMINARY PROCEDURES 
interior angles to the nearest minute with a 
transit or theodolite. Set the compass over the 
westernmost tack with the plumb bob, vernier 
at zero, and sight on the hub and tack to the 
northeast. Read the bearing of the line to the 

Before starting a boundary-line field survey, 
study all documents relating to it. A record 
search must include deeds of ad joiners, 
boundary agreements, court decrees, previous 



surveys, road plats, etc. The surveyor should 
inform adjoiners of plans and perhaps inspect 
the area. Secular variation and the estimated 
present bearing must be ascertained. 

A job often overlooked is plotting calls on 
transparent paper to a scale of 1 in. = 2000 ft. 
By tracing over those lines with a sharp red 
pencil and superimposing the tracing on a 
7 t-min USGS quadrangle, it is possible, espe­
cially on large surveys or those calling for 
natural or cultural features, to see how lines 
match culture and topography, and to detect 
serious mistakes in calls. Calls may also be 
plotted to scale of an aerial photo, which may 
be found in county offices of the Soil Conser­
vation Service or Agricultural Stabilization 
Conservation Service. The oldest flights show 
fields, roads, fences, streams, etc., as they were 
many years ago. Contact prints are preferred 
over enlargements for stereoscopic viewing. 

21-9. THE TRIAL OR RANDOM LINE 

A crew may consist of only a surveyor (ob­
server) and front rod-chainperson (front­
person). Extra people may be assigned to cut 
brush, carry supplies, etc., but should be kept 
out of the line of sight. If possible, begin at the 
south end of an undisputed line to avoid 
sighting into the sun and make reading the 
needle's north end easier. If there is only one 
authentic marker, start from it with variation 
applied. 

21-9-1. If Starting Point Can Be 
Set Up On 

A compass is placed over the mark and 
leveled. If the line is short and daily variation 
is negligible, keep the vernier at zero and run 
on the degree or half-degree graduation near­
est the calculated bearing. This avoids mis­
takes in setting off minutes on the vernier, and 
the line will end close to the next point. For 
example, if N 54°10' E is run as N 54° E, the 
line will miss a point ± mi away by only 3.8 ft 
and offsets to the correct line are small. Since 
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calculations for secular variation may not be 
accurate within 10 min, often trial lines need 
not be run on specific minutes. 

The observer now directs the frontperson 
(who carries a hand ax, rangle pole, shrub 
pruner, clinometer in degrees and percent, 
and a roll of flagging) to proceed on the line 
of sight. Tape is passed around a small sapling 
or other object near to and rear of the ob­
server to prevent it from rubbing a tripod leg 
when pulled toward, and to allow the observer 
to pick up the tape without changing viewing 
position. This eliminates the risk of disturbing 
the needle by bumping the tripod. As the 
frontperson goes forward, the observer holds 
the tape loosely. If the frontperson diverges 
more than a foot or two off line, tape is 
snubbed, and the frontperson brought back 
on line. When tape is extended 200 ft (or 
some lesser distance in a multiple of 25 ft 
because the pole can no longer be seen easily), 
the observer calls "chain" and snubs the tape. 
A last check is made of the needle position, 
tapping the tripod to see if the needle shim­
mies properly. 

The frontperson places the ax on the 
ground and turns and faces the observer, with 
tape in one hand and pole in the other. With 
zero held at the pole center, the tape and pole 
are moved right or left, forward or back, until 
the pole is at the correct distance and direc­
tion. In wooded areas, the tape is held by both 
persons at a uniform height above ground, 
say, about 2~ ft. In cleared areas, place the 
tape on or close to the ground. Proper tension 
should be applied and the tape must not be 
out of alignment over 2 ft. When all require­
ments are met, the observer calls "OK" The 
frontperson drops the tape, holds the pole 
steady and vertical, and both persons read 
their clinometers. The observer records the 
average angle. 

Meanwhile, the frontperson marks the pole 
position with a small stick or nail and cuts a 
stake about 3 ft long and 1 t in. in diameter, 
sharpens one end and flattens the other, and 
drives it at the pole point. 
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The observer now records more data in the 
notebook. Date, weather, names, and perhaps 
addresses of the persons present and the job 
each performs should be recorded at the top 
of the right-hand page. 

21-9-2. If Starting Point Cannot 
Be Set Up On 

Set the compass 3 or 4 ft away, on line to be 
run, by first estimating direction. If the needle 
shows that the compass is off-line, move it 
until the backsight hits the middle of the 
marker-this is called "jiggling in." Distance 
is measured from the side of the marker ap­
proximating its center (see Figure 21-8). 

21-9-3. If There Is Magnetic 
Interference at Starting 
Point 

if the beginning point is a wire fence inter­
section and the line runs with or near a fence, 
a different tactic is required. The compass 
must be offset 20 to 25 ft at a right angle to 
the line being run; a cut stake (station 0) is 
driven at that point. If this point also is in a 
wire fence, a further adjustment is employed. 
The compass is placed 20 to 25 ft away from 
the first stake 0 but in the opposite direction 
from the line to be run. The compass is jiggled 
in until the selected bearing hits stake O. 
Distance is, of course, measured from station 
o (see Figure 21-9). 

If a bearing has not been preselected and 
the line to be run is parallel to the first 100 or 
200 ft of fence (not always a good practice 
because a fence may be crooked or go in the 

Corner tree 

Set compass here 

Line of survey l 
Measure from here ---' 

Figure 21-8. 'Jiggling in.' 

wrong direction), a temporary cut stake is set 
by the frontperson at a point the same dis­
tance from the fence as is station 0, and up to 
200 ft forward. A multiple of 25 ft is selected if 
possible. Bearing to it is read to nearest minute. 
A trial line can be run on that bearing or the 
nearest ~ 0 left or right. 

21-9-4. Continuing the Line 

The observer, assuring that the station 0 
stake is reasonably vertical, raises the needle 
off pivot, releases the spindle clamp, folds 
vanes (front one first), lifts the legs, brings 
them together, and carries the instrument to 
the next station. The compass should not be 
detached from the tripod. 

En route between stations, the observer 
watches for evidence of previous line marks, 
corner markers, and possession. Any seen must 
be tied to and noted, such as "at Sta. + 62 
ft pass 22 ft Rt. of 20" white oak with2 old 
blazes on south side." Such entries are usually 
placed on the right-hand page at an appropri­
ate place. Distance to centers of streams, roads 
crossed, etc. are recorded. If the line is run 
along or near a fence, at each station a right­
angle offset to it is measured and the distance 
recorded. 

Slope station numbers are marked on the 
flattened top of each stake and a ribbon tied 
near its top. Fluorescent orange plastic flag­
ging is suggested. Either person may flag and 
number. This process is repeated as the line is 
projected. 

21-9-5. Obstacles on Line 

In wooded areas, trees and other obstacles 
are encountered on the line of sight. These 
are avoided in several ways. LeafY twigs (the 
most common obstacle) can be snipped with 
the pruner. The line can be projected beyond 
small trees or saplings by tilting the pole from 
side to side, or the observer's head can be 
moved a little from side to side and an average 
extension made. It is seldom desirable to cut 
trees or saplings because work is delayed with-
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.. Wire fences---., 

Interference 
at corner 

Compass 
here 

Figure 21-9. Random line to avoid fence. 

out increasing accuracy, and the sUIveyor is 
exposed to claims for damages. If the front­
person holds the pole at the middle of the 
body, the latter makes a good target. Use 
imagination: Try a venetian-blind slat (marked 
at the midpoint and stored in one end of the 
range pole) held horizontally like a cross, 
equidistant on each side of the pole. 

Eventually, an obstacle too large to be seen 
past will be met. The usual way to avoid it is by 
offsetting the compass, at either the station 
from which the obstacle is first seen or a new 
station near it. The offset is made by raising 
the needle and moving the instrument to a 
point measured at a right angle to the sight 
line. On offsets of a foot or two, the right 
angle is estimated; the 90° offset sights are 
used for longer ones. They are measured hori­
zontally, even if short broken shots (breaking 
chain) are required. 

After the compass is offset, a shot is taken 
past the obstacle to a temporary point, where 
an offset is made back to the original line 
being run. A ribbon placed on or around the 
obstacle helps when backsighting. Short offsets 
need not be recorded, but longer ones should. 

If a fence comes within 15 or 20 ft of the 
compass, an offset should be made away from 
it; this is preferred to changing the bearing of 
the line being run. Several offsets may be 
needed on a line, some to the right, others to 
the left. 

25 ft 

Random line 

(Or compass here) 

21-9-6. Backsight Control 

After the compass is set up, leveled, and 
oriented, a backsight is taken to the previous 
stake, sighting from the front threaded vane 
through the rear slit. Three black lines (opti­
cal illusions) may be seen, the heaviest in the 
middle being the correct one. Turn the com­
pass by hand until the heavy black line hits the 
previous stake. Then, move to rear of the 
compass, level it, and set the correct bearing 
at the north end of the needle. Go back to the 
front vane side and sight the previous stake 
again. If the line of sight is more than an inch 
or two off, the reason should be sought and 
the matter corrected. Among possible reasons 
are: 

1. Previous stake not vertical. 

2. Compass not set vertically over point where 
stake enters ground. 

3. Slight vanes not vertical. 

4. Needle not riding free. 

5. Magnitude attraction at either station. 

6. Stake may have been set at wrong place. 

In this situation, the ability and judgment of 
an observer are tested severely. A projected 
backsight may be used if attraction is found. 
However, it should seldom be projected more 
than one shot or two without needle vertifica­
tion, even through fields. The practice of 
"leapfrogging" (setting over every other sta-
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tion and using backsights for alternate calls) is first at the slope distance and to either side of 
not good surveying. the line. A fence corner may be significant if a 

marker is not found. 

21-9-7. Nearing End of a Line If the marker is not found at slope distance, 
the horizontal length of each shot is computed 

When a survey is nearing the distance called with a pocket calculator or taken from a table. 
for, the marker called for should be sought Table 21-2 is a portion of a slope reduction 

Table 21-2. For reducing slope distances to horizontal 

Slope Reduction Table 

Degree 2.000 1.750 1.500 1.250 1.000 Degree 

3 1.997 1.748 1.498 1.248 0.999 3 
I 96 47 97 48 98 I 
2' 2' 

4 1.995 1.746 1.496 1.247 0.998 4 
I 94 45 95 46 97 I 
2' 2' 

5 1.992 1.743 1.494 1.245 0.966 5 
I 91 42 93 44 95 I 
2' 2' 

6 1.989 1.740 1.492 1.243 0.995 6 
I 87 39 90 42 94 I 
2' 2' 

7 1.985 1.737 1.489 1.241 0.993 7 
I 83 35 87 39 91 I 
2' 2' 

8 1.981 1.733 1.485 1.238 0.990 8 
I 78 31 84 36 89 I 
2' 2' 

9 1.975 1.728 1.482 1.234 0.988 9 
I 73 26 79 33 86 I 
2' 2' 

10 1.970 1.723 1.477 1.231 0.985 10 
I 67 21 75 29 83 I 
2' 2' 

11 1.963 1.718 1.472 1.227 0.982 11 
I 60 15 70 25 80 I 
2' 2' 

12 1.956 1.712 1.467 1.223 0.978 12 
I 53 08 64 20 76 I 
2' 2' 

13 1.949 1.705 1.462 1.218 0.974 13 
I 45 02 59 16 72 I 
2' 2' 

14 1.941 1.698 1.455 1.213 0.970 14 
I 36 94 52 10 68 I 
2' 2' 

15 1.932 1.690 1.449 1.207 0.966 15 
I 27 86 45 04 64 I 
2' 2' 

16 1.923 1.682 1.442 1.202 0.961 16 
I 18 78 38 198 59 I 
2' 2' 

17 1.913 1.674 1.434 1.195 0.956 17 
I 07 69 31 92 54 I 

2' 2' 
18 1.902 1.664 1.427 1.189 0.951 18 

I 897 60 22 85 48 I 

2' 2' 
19 1.891 1.655 1.418 1.182 0.946 19 

I 85 50 14 78 43 I 

2' 2' 
20 1.879 1.644 1.410 1.175 0.940 20 

I 73 39 05 71 37 I 

2' 2' 
21 1.867 1.634 1.400 1.167 0.934 21 

I 61 28 396 63 30 I 
2' 2' 

Source: F. Henry Sipe, Elkins, WV Aug. 1971. 



table. If shot lengths are in multiples of 25 ft, 
the measured distance and vertical angle are 
merely intersected in the table; the number 
found is entered in the horizontal distance 
column (to distances are interpolated). The 
table is adapted for any unit by moving deci­
mal points. Odd distances can be calculated 
and multiplied by the 1.000 (cosine) column. 

When all horizontal distances are entered, 
they should be added, subtotals carried to the 
next page, and a final total found. Slope sta­
tion numbers will help to detect major errors 
in addition. If the total horizontal distance run 
is slightly different from that called for, a 
station is set at the proper horizontal point, 
numbered, and notes corrected. 

Diligent search must now be made to re­
trieve the marker called for. If found, the trial 
line is extended or shortened to a place at a 
right angle to the marker, and the last shot 
length adjusted accordingly. A right angle is 
determined by trial and error. Set and num­
ber a stake at the proper place. Bearing and 
length of the tie to the marker must be 
recorded. 

21-9-8. Reference Objects 

Measure the bearing and distance to two or 
three reference trees or objects to help per­
petuate the location of the markers, especially 
if they are deteriorating or subject to easy 
removal. 

21-10. CORRECT BEARING 
BETWEEN MARKERS 

Most projected trial lines will not hit the 
marker called for. The correct bearing be­
tween markers can be found in several ways. 

First, if only a quick approximation is 
needed, remember that a 10 angle causes an 
offset of 92 ft in 1 mi. If this formula is 
proportioned with the actual distance run and 
distance missed, the correction angle is ob-
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tained. For example, 12 ft in 1320 ft are equiv­
alent to 31 min. If a line run N 60° E is 12 ft to 
the right of the marker, the correct bearing is 
N 59°29' E. 

The angle tangent of miss is the offset di­
vided by the distance run. In this example, 
12/1320 = 0.0090909, and the tangent in­
verse is 0.508563, which multiplied by 60 is 
31 min. 

A rule of thumb used by older surveyors for 
small angles of miss was to multiply the feet of 
"miss" by 57.3, divide the result by the dis­
tance run, and multiply by 60. The result is 31. 
Succeeding lines can be run to counterclock­
wise. 

However, before calculations for corrected 
bearings are made, all recorded offsets (as 
shown in Figure 21-10) must be balanced out. 
There are two 25-ft left offsets and one 70-ft 
right offset, leaving a net 20-ft right offset. But 
the marker was found 5.6 ft left, or 14.4 ft 
right of the trial line if it had been projected 
without offsets. For a trial line 2728 ft long, 
the angle of miss is 18 min. If the trial line 
bearing had been changed in midstream in­
stead of offsetting, a right triangle could not 
have been used in the calculations. Therefore, 
90° offsets are preferred over bearing changes. 

21-11. CORRECT DISTANCE 
BETWEEN MARKERS 

The length of the line between markers can 
be found in several ways. For example, square 
the distance run, add it to the square of the 
distance of miss, and take the square root of 
the total. To illustrate, 1320 squared is 
1,742,400, + 12 squared is 144 = 1,742,544. 
The square root of 1,742,544 is 1320.05. 

The best trig formula is to divide the dis­
tance run by the cosine of the angle of miss. 
Cosine of 31 min is 0.9999593, which divided 
into 1320 = 1320.0537. Rounding off for rural 
work gives 1320. 
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2B N 60 0 E 4B 

OA N 60° E 200 25 

25 2A N 60° E 70 14.4 
---------T-- Corner --------

Corner N 60° 18 I E 4CL.--N-60-0-E--~- 5.6 

station 0 

FIgure 21-10. Offsets from random line. 

21-12. WHEN SECOND MARKER IS 
NOT FOUND 

Trial lines must be continued until an authen­
tic marker is found. Apply the same variation 
to each line unless some good reason is found 
to change. If a called for marker is not found 
until the fourth corner, as in Figure 21-11, 
lines A-B-C.lJ are trial lines with distances 
called for, and the bearing and length of D.lJ 1 
is measured. Distribute that distance among 
trial lines in the proportion that the length of 
each line is to the total length of the three 
trial lines. Corners B1 and C1 are located on 
the same bearing from Band C as the bearing 
ofline D.lJ l. 

Total distance run is 2225 ft and closing tie 
N 110 E 37 ft. The tie for every foot of trial 
line run is 37/2225 or 0.0166 ft. The second 
corner, therefore, is 0.0166 X 750 or 12.45 ft 
N 110 E from B. The third corner is 0.0166 X 

1050 or 17.43 ft, but to this is added the tie to 
the second corner or 29.88 ft N 110 E from C. 

21-13. CORRECT BEARING AND 
DISTANCE OF FINAL LINES 

In Figure 21-11, correct measurements are de­
termined in two ways. First, triangle A-B-B1-A 
can be plotted with a drafting machine on a 
scale large enough to measure A-B1 from the 
plat. At 1 in. = 50 ft (about the smallest that 
can be read by eye), line A-B1 is N 760 10' E 
755 ft. 

A second way is to calculate line A -B 1 as an 
omitted measurement (see Table 21-3). Tan­
gent of the missing bearing is 733.2/180.9 = 
4.05307, so the bearing is N 76°08' E. 

The length of line A-B1 is best found by 
dividing its departure (733.2) by the sine of its 
bearing (0.97087) = 755.2 ft. Distances in 

Dl 

N 11 ° E 37 

N 76
0

08 I E 755.2~~::::==~:::====::::~ 

N 85° E 1050 

N 11 0 E 12.45 

Figure 21-11. Diagram of offsets when second or third corner is not found. 



Table 21-3. Calculation for omitted measurement 

Bearing Distance 

750.0 
12.4 

Cosine 

0.22495 
0.98163 

woods are not normally measured closer than 
0.1 ft, so four- or five-place trig tables are 
satisfactory. No other trig formulas for solving 
oblique triangles are required for compass 
surveys. 

Two good ways to solve for the bearing and 
length oflines BI-Cl and CI-Dl are by scaling 
from a plat or making the omitted measure­
ment. Often, a shorter time is needed to mea­
sure a line in the field than to calculate it in 
the office. 

21-14. SURVEYING BY TRUE 
BEARINGS 

Occasionally, true bearings are to be retraced. 
A surveyor may plan to set off a declination on 
the compass believing that procedure is easier 
and more accurate. The writer recommends 
against this because the declination may be set 
off on the wrong side, which doubles the 
error. Also, declination at best is only an esti­
mate and will vary with different instruments, 
time of day, etc. It is better to allow for decli­
nation by calculating a magnetic bearing for 
the line to be run. 

For example, a line N 60° E true bearing 
with a present estimated declination of 6°40" 
W would be run N 66°40' E (or S 66°40' W) 
magnetic. West declination is subtracted in NE 
and SW quadrants, added in NW and SE 
quadrants, and vice versa for east declinations. 
Plot true bearings near cardinal directions, N, 
E, S, and W to prevent errors. For example, a 
true bearing of N 88° E with 6°40' west decli­
nation would be run S 85°20' E magnetic. New 
or original compass surveys should usually be 
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Latitude Departure 
(cos x dist) (sine X dist) 

Sine N S E W 

0.97437 168.7 730.8 
0.19081 12.2 2.4 

Subtotal = 180.9 733.2 

run by magnetic bearings with declination 
shown on the plat. 

21-15. SURVEYING ALONG ROADS 

If traffic is light and safety rules followed, the 
road center can be traversed with short shots. 
The compass is set up in the middle of the 
road over a mark or PK nail. On sharp curves, 
shots may be as short as 50 ft, but longer sights 
are desirable. Backsights may be taken if a 
small stone pile is left. 

This method leaves small segments on 
either side of the road center. Their area can 
be calculated from formulas and tables if the 
"middle ordinate" is noted on each shot. Or 
plot each segment on a large scale and 
planimeter its area. If segments are small and 
compensating, they may be ignored for most 
rural work. 

When traffic is heavy, survey on the shoul­
der or edge, with offsets measured to the road 
center at each setup. Road bearings when no 
cars are passing. Traverse and road center are 
plotted; road alignment drawn with a French 
or railroad curve; chord bearings and dis­
tances are scaled from the plat. 

21-16. MEANDERING STREAMS 

If streams can be waded, survey in the center 
with temporary stakes in small mounds of 
stones for markers. Segment areas often com­
pensate and may be unimportant. At selected 
intervals such as sharp bends, tie to reference 
trees. Preface your description of the meander 



526 Compass Surveying 

lines, "Thence with the meanders of. ... " 
The word meander should not be confused 
with meander lines of public-land surveys. The 
latter denotes metes and bounds surveys along 
the mean high-water marks of permanent nat­
ural bodies of water and usually does not 
define ownership lines. 

21-17. ACCURACY OF THE WORK 

Mter the trial survey, error of closure may be 
found in two ways to see if it meets a standard 
desired. In the first method, plot traverse bear­
ings and distances with a drafting machine to 
a large scale. The distance between the end 
and beginning is scaled from the plat and 
divided into total perimeter, giving error of 
closure. 

For the second method, use latitudes and 
departures like omitted measurements. In 
Table 21-4, cosines and sines are omitted. Dif­
ferences between north and south latitudes 
(7.2) squared (51.84) are added to the differ­
ence between east and west departures (21.8) 
squared (475.24) = 527.08. The square root of 
527.08 is 22.96, which divided into a traverse 
perimeter of 12471 = error of 1 in 553. As this 
is generally below a satisfactory error for com­
pass surveys, field or office mistakes must be 
found and corrected. 

Table 21-4. Calculation for error of closure 

Latitude 
(cos X dist) 

Bearing Distance N S 

N 27-45 E 1279 1131.9 
N 76-08 E 3020 723.8 
S 46-30 E 2362 
S 51-30 W 2540 
N 67-41 W 3540 1344.2 

12,741 3199.9 

Beginners may have poor closure errors 
with open-sight compasses. Taping distances 
and reading vertical angles in rural rough­
terrain wood surveys are a source of more 
errors than bearings. Practice should improve 
precision until satisfactory accuracy is attained 
consistently. Davis and Foote say, 

There can be no rules for the relative accuracy 
of different classes of surveys .... Each surveyor 
must establish the limit of error using his own 
judgement. ... The best surveyor is not one who 
is extremely accurate, but one who makes a 
survey with sufficient accuracy to serve its pur­
pose without waste of time or money.2 

Error of closure is usually calculated only 
for the trial traverse. It is best not to balance 
courses to attain perfect mathematical calls. 
Error should be left in to show future survey­
ors how precise the former survey was, and 
how much leeway is available to reestablish 
missing markers. Balancing courses in com­
pass surveys in a purely mathematical way can 
put errors at the wrong places. 

21-18. ACREAGE OF THE SURVEY 

There are several ways to find the area of a 
traverse. To begin, plat on a large scale and 
divide into right triangles. Figure 21-12 shows 

1625.9 
1581.2 

3207.1 

-3199.9 

-U 

Departure 
(sin X dist) 

E W 

595.5 
2932.0 
1713.3 

5240.8 

1987.8 
3274.8 

5262.6 
-5240.8 

21.8 



Figure 21-12. Traverse divided into triangles. 

the traverse used for Table 21-4 divided into 
six triangles. With a 50-scale ruler, measure 
two shorter sides of each triangle, multiply 
them and divide by 2, which gives units of area 
in each triangle. Add the units of all triangles, 
giving total units. Convert the units to acreage 
based on the scale of the ruler used. If the plat 
scale is 500 ft per in., each square covers 
250,000 sq ft or 5.739 acres-i.e., 5.739 X 

number of square inches = acreage. Or multi­
ply the number of square inches by 250,000 
and divide by 43,560. 

An alternate method involves using a 
planimeter. It shows the number of square 
inches, which can be multiplied and divided as 
in the previous example. To use a planimeter, 
assemble and set the pivot at a point (usually 
to left of traverse) so the tracer pin can reach 
all corners. The pin is place over a corner with 
the measuring wheel at zero and then moved 
clockwise along lines by hand. When the cir­
cuit is ended, the number is recorded, the 
tracer point moved around a second and third 
time, and all numbers recorded. If the third 
number is not close to three times the first 
number, go around again until a consistent 
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average is attained. Lower-price planimeters 
are satisfactory for compass surveys. 

The most accurate method is by double 
meridian distances (DMDs) or coordinates. 
These are explained in other chapters. 

Finally, bearings and distances are punched 
into programmed calculators or computers, 
and error of closure, acreage, etc. are printed 
on paper or screen. 

21-19. OFFSETIING 

Mter the final corner locations are decided 
on, the surveyor locates and marks the final 
lines on the ground. Seldom are calculated 
lines rerun on new bearings because (I) off­
setting trial stakes to new lines is cheaper, 
unless offsets are long and on steep hillsides; 
(2) new lines would meet obstacles that re­
quire new offsets-cutting down trees to pre­
serve projected lines is not wise because trees 
make good boundary markers, cost is higher, 
and property owners may object; and (3) new 
compass lines could also miss corners, requir-
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ing more offsets ("bending" the last part of a 
line to hit a corner is improper). 

21-19-1. If There Are No 
Recorded Offsets 

Trial lint:; stakes are merely offset to the 
final lines. The offset distance by which the 
trial line missed the corner is prorated be­
tween the trial line stakes. Tables 21-5 and 
21-6 show how this is done. 

A 547.6-ft trial line missed the corner by 
12.6 ft. Each foot run therefore is entitled to 
an offset of 0.002301 ft. Leave this number in 
calculator and multiply it by horizontal length 
of each shot; round off to the nearest hun­
dredth. Enter each offset in the offsets column 
with its direction and add cumulatively. Com­
pare the total with the final tie for a check. 

Although the accuracy of a compass survey 
does not justifY offsetting to the nearest hun­
dredth foot, they are entered in notes to pre­
vent accumulation of small errors. If final off­
sets are not within a tenth of a foot of the 
measured tie, find the error. 

21-19-2. If There Are Recorded 
Offsets 

They may be in both directions (see Table 
21-6 and Figure 21-10). The net offset must be 
calculated first. Add left NW offsets (55.6) and 
add right SE offsets (70.00). Subtract 55.6 from 

Table 21·5. A trial line with no recorded offsets 

Magnetic Slope 
Station Bearing Distance 

o = stone pile 
N 600E 200.0 

2 
N600E 200.0 

4 
N600E 150.0 

N300W 
16-in. white oak corner 

70.0, leaving a net offset of 14.4 ft. Then 
14.4/547.6 = 0.026966 offset per foot run. 
Multiply this factor by each horizontal dis­
tance and enter it in the offset column. 

Despite the apparent simplicity of this cal­
culation, make a scale plat in the office, like 
Figure 21-9. Exaggerate the offset scale to help 
measure small offsets. 

21-19-3. OffseHing 

One person can make short offsets as noted 
in Table 21-5. Start at the beginning of the 
trial line. Pass a stick or survey pin through the 
end loop of a 50-ft engineer's tape and insert 
it beside the trial stake. Measure offsets to the 
nearest tenth of a foot at a right angle to the 
trial line and set a nail, small stick, or other 
marker there. Pull up the trial stake and drive 
it at the offset point. Estimate right angles by 
standing over the trial stake, with one arm 
extended toward the previous station and the 
other arm directed to the next station. Bring 
the arms together in front of your body for a 
pointer. An exact right angle is not critical 
until the offsets become long. Then, use a 
pocket compass. 

If the offsets are on a down slope, a plumb 
line can be used or the verticality estimated. 
For very steep slopes, offsets can be made in 
several level segments. If offsets are uphill, set 
the zero end of the tape at a point a foot or 
two farther out than the actual offset. Com-

Vertical Horizontal 
Angle Distance Offsets 

toNW 
0 200.0 4.60 

+8 198.1 4.56 

9.16 

+4t 149.5 3.44 
547.6 12.60 

0 12.6 = 12.60 
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Table 21-6. A trial line with recorded offset in both directions 

Magnetic Slope 
Station Bearing Distance 

o = stone pile 
N300W 

Oa 
N600E 200.0 

2a 
N300W 

2b 
N600E 200.0 

4b 
S300E 

4c 
N600E 150.0 

5.5c 
N300W 

16-in. white oak corner 

pare the offset distance to the recorded one 
and place a mark at the difference. For exam­
ple, if the trial offset is 20 ft and recorded as 
18.6, move the stake to the 1.4-ft mark. Two 
persons are more efficient for long offsets. 

21-20. MARKING LINES 

Marking lines in woods is very desirable and 
has been ruled mandatory in some court cases. 
It allows fences to be built on line, provides 
safer timber cutting or land clearing, and tres­
pass is less likely. It is disturbing for clients to 
spend time and money for a survey, and then 
need it done again in 10 or 15 yr to satisfy a 
new owner or divide the property. 

21-20-1. Kinds of Marks 

There is no generally approved method for 
marking private boundary lines, nationwide. A 
good standard is to make two hacks about 6 to 
8 in. apart on trees within arm-reaching dis­
tance from the lines; if trees are scarce, mark 
trees farther away. Make a hack by striking 
trees at about breast height with the hand ax 
held at a slight angle above horizontal, hitting 
hard enough to go through the bark into 

Vertical Horizontal 
Angle Distance Offsets 

0 25.0 
SE 25.00 

0 200.0 +5.26 

SE 30.26 
0 25.0 +25.00 --

SE 55.26 
+8 198.1 +5.21 

SE 60.47 
0 70.00 -70.00 

NW9.53 

+4t 149.5 -3.93 

547.6 5.60 
0 5.6 = 5.60 

wood. If the tree is on line, two hacks are 
given it fore and aft. 

The Bureau of Land Management's manual 
suggests "notches" (which it calls hacks) or 
blazes on public-land survey lines. A blaze re­
moves bark and part of the wood about 6 in. 
long and 2 to 4 in. wide. Notches and blazes 
are harmful on some species of trees because 
rot may enter, whereas a single-stroke hack 
usually heals in 1 yr and takes less time. Signs 
placed on boundaries at key points are desir­
able. On lines in open areas, durable monu­
ments should be installed at intervisible points. 

21-20-2. Field Procedures 

Two persons can offset and mark. The crew 
chief offsets a stake and stands astride it. The 
marker stands over the previous stake. They 
view a straight line between them and agree 
on any line trees. The marker comes forward, 
marking en route, at first guided by the crew 
chief. As soon as the marker sees the next 
stake, the chief moves forward to the next 
stake, and the operation is repeated. 

If they cannot see each other-often be­
cause random shots were too long-they move 
toward each other by sound or trial and error, 
snipping brush or removing obstacles until 
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they are intervisible. If a small hill intervenes, 
one or both persons can hang a cap or ker­
chief on a pole over the station and wave it. At 
times, a three-point system helps: They move 
toward each other until they are intervisible 
and each can see the other's stake. Then, they 
line each other in alternately, like jiggling in 
an instrument. 

21-21. PAINTING LINES 

Lines should be painted when marking be­
cause they can be seen more easily, trespass is 
discouraged, and it costs less than painting 
later (paint may be brushed or sprayed on). A 
three-person crew (offsetter, marker, and 
painter) can cover 1 to 1 t mi a day with a 
gallon of paint. Orange or yellow implement 
enamel is recommended. 

The painter follows the marker and brushes 
enamel on hacks over an area of about 3 X 5 
in. Corner marks and reference objects are 
also painted. The painter should carry a gallon 
can not over half full (to avoid spilling) and 
use a built-up bail for easier holding. Carry 
extra paint in plastic bottles. Scrape off rough 
or loose bark with a paint scraper. Although a 
three-person crew is efficient, an ambidex­
trous marker can also paint. 

21-22. MONUMENTATION 

Proper selection, marking, and description of 
markers for property corners is a very high­
priority job of land surveyors. Courts recog­
nize monuments as important evidence. Mark­
ers should be unique to prevent confusion with 
any other nearby object. 

21-22-1. Trees 
If a tree is called for and found, it must be 

used. If there is a choice, select one that will 
likely live long-one a logger might not cut. 
Three hacks are placed on corner tress on 
sides the line enters and leaves. Hacks should 

be 6 to 8 in. apart, about breast height. Refer­
ence objects should be described in field notes 
by species and size-i.e., diameter, breast 
height, and DBH. They should be given three 
hacks facing the corner. If some abnormality 
exists, describe it as leaning, forked, broken 
top, etc. Record the bearing and distance 
(usually horizontal) from the corner to the 
center of reference objects (at about stump 
height for trees), Make two or three refer­
ences at each corner. 

21-22-2. Stones 
A stone, large end down, sunk in the ground 

for one-half to two-thirds its length, and sur­
rounded by a stone pile will last indefinitely. It 
should be regular in shape with 3- or 4-in. 
letters chiseled in a suitable place near the 
top. Grooves should be deep enough so that 
they can be felt with a finger and not be 
confused with natural groovings. Other marks 
can be placed on stones, such as the year of 
the survey. Bottles or bits of glass in the bot­
tom of a hole will provide uniqueness and 
certainty of identity. Notes must show what was 
used: dimensions, shape, marks, perhaps ap­
proximate weight or size, and the depth in 
ground. 

21-22-3. Other objects 
Pipes, rods, axles, car springs, gun barrels, 

etc. make good markers. They should be 30 to 
36 in. long, project 8 to lOin. above ground, 
and set in a mound of stones. Nails or spikes 
are sometimes left as markers, but unless they 
are driven into roots or solid material, they 
may not last. The bigger the spike the better. 
Do not leave wood stakes as final markers. 
Surveyors should avoid the word "pin" be­
cause it is too vague. 

If fence posts must be used as markers, 
reference them with two or three good ob­
jects. If a corner falls on solid rock, chisel a 
letter on it. If a marker cannot be set or made 
at a corner, or it may be disturbed, make a 
"witness" corner, usually in the property line 



coming to that corner. Edge-of-road rights of 
way are good locations. 

Markers may be set at intervals along 
boundary lines. A marker set 100 or 200 ft 
from a corner, in the property line, makes an 
excellent line pointer for future surveyors. 
Markers in mowed fields must be set below 
cutting height. Follow state or federal rules. 

21-23. DESCRIPTION OF SURVEY 

A good property boundary survey description 
includes (1) the preamble, the place or jurisdic­
tion where the survey is located; (2) the body, 
corner markers, reference objects, bearings, 
distances, acreage, surveyor's name and ad­
dress, date of survey, reference to an attached 
plat, how lines are marked and painted, orien­
tation meridian, etc.; and (3) the being clause, 
what previous deed or document the survey 
represents or is a part of, grantor, grantee, 
date and place of record. 

A hypothetical description for the traverse 
in Table 21-4 follows. The calls include many 
conditions found on rural woods compass sur­
veys. Most of the reference trees are on the 
client's land and were selected to make good 
intersection angles for measurements if the 
corners must be relocated later. 

A tract of land in Beverly District Randolph 
County West Virginia on waters of Files Creek 
about 4 miles south of Elkins, more particularly 
described as follows: 

Beginning at a stone pile as called for, corner 
to William Smith and John Brown, from which 
a 10" red oak bears N 30 E 12.3 ft., an 8" 
hemlock bears S 73 E 7.6 ft. and a 14" sugar 
maple bears N 62t W 16.8 ft., thence with two 
lines of said Brown. 

N 2745 E, at 239 ft. crossing Laurel Run, at 
282 ft. crossing public Rt. 69, in all 1279 ft. to a 
30" black gum with three old marks on south­
west side, from which an 8" gum is N 82 E 11.7 
ft. and a 6" red maple is S 11 W 11.9 ft., thence 

N 76-08 E, at 1240 ft. crossing a ridge, in all 
3020 ft. to a point in rail fence, locust called for 
but not found, corner to said Brown and Harry 
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Johnson, set a 4 X 6 X 20" stone 12" in ground 
in mound of stones, chiselled a 3" H in top of 
said stone, from which an H chiselled on a 
3-cubic yard boulder bears N 32t W 18 ft. and a 
10" locust bears S 52 W 14.5 ft., thence with or 
along said rail fence and line of said Johnson. 

S 46-30 E 2362 ft. to a rotten 20" white oak 
stump at intersection of old rail fences on a 
ridge, white oak called for, corner to said John­
ston and in line of Henry Jones, drove a 1" X 30" 
iron pipe in center of said stump, from which a 
6" crooked beech is S 17 W 4.0 ft. and a 6" iron 
wood is N 61 W 13.5 ft., thence leaving said 
fence and with said Jones 

S 51-30 W, at 1080 ft. passing under an elec­
tric line serving a residence on property sur­
veyed, at 1090 ft. crossing said Rt. 69, in all 2540 
ft. to a point in center of Laurel Run as called 
for, corner to William Smith set a 1" X 30" iron 
pipe witness marker in a mound of stones on 
northeast bank of said run N 51 t E 12.0 ft., said 
pipe being capped with an aluminum cap 
marked John Campbell LLS 314, thence with 
meanders of said run and line of said Smith. 

N 6741 W, at 422 ft. leaving center of said 
run, in all 3540 ft. to the beginning, 
contammg acres more or less, as sur­
veyed by John Campbell of Parsons, West Vir­
ginia in October 1982 and shown on a plat 
attached hereto and made a part of this descrip­
tion; 

All lines being marked with two hacks, refer­
ence trees being marked with three hacks; hacks 
and markers painted with yellow implement 
enamel; bearing magnetic; made with Warren­
Knight surveyor's compass #17841 with an error 
of closure of 1 in. __ _ 

Being the same land conveyed by Peter Doe 
and Helen Doe his wife to George Harrison by 
deed dated January 14, 1923 and recorded in 
the Office of the Clerk of County West 
Virginia in Deed Book 216 at page 17. 

This description written by John Campbell 
LLS on November 27, 1984. 

21-24. REPORT OF SURVEY 

Finally, a certificate or report should be writ­
ten for most surveys. It may include significant 
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facts not shown on plats or indescriptions such 
as: 

1. What records were examined 
2. Who was contacted and what was said, fur­

nished, or showed 
3. Problems encountered and how they were 

resolved 
4. Comments on occupancy, possession, en­

croachments, gaps, etc. 
5. Methods and equipment used 
6. Uncertainties of position and error of 

closure 
7. Distribution of documents 

An actual report of survey follows: 

Report of Survey for Richard W. Wilson 
I certify that i did, in 1975 resurvey a tract of 

land in Preston County West Virginia conveyed 
by Wm. M. O. Dawson, Commissioner of School 
Lands and Charles C. Craig and Elizabeth Craig 
his wife to Marshall G. Wilson and Sarah F. 
Wilson his wife, by deed dated November 16, 
1897, recorded in the Office of the Clerk of 
Preston County West Virginia in Deed Book 83 
at page 474; 

That before making the survey I examined 
the following documents: 

DEEDS: 28/66, 31/258, 35/348, 49/280, 
53/16,53/67, (etc.). 

PLATS:Julius Monroe's and Tom Clark's plats 
of Tannery Tract. 

WILL BOOK: 22/427. 
That of 10 markers called for in 83/474 only 

three were found-stone pile at SW corner and 
2 chestnuts on south lines; that there were sev­
eral overlaps on south lines between Wilson, 
Preston Tannery and Filsinger (the latter involv­
ing an 1888 survey by Julius K. Monroe of the 
"old Mountain road"); that these overlaps were 
explained to Filsinger and Clark (who represents 
the Tannery) by plat of 12/1/1975 and report 
of 2/17/1976 and my proposal to compromise 
them based partly on following the old Crab 
Orchard (Pine Swamp) road; that said compro­
mise was not objected to by them; 

That in addition to an overlap on south lines, 
there was a deed error of closure of about lO6 

feet in a north-south direction; that because 
neither of the north stones was found, the west 
line was shortened by 53 ft. and the east line 
lengthened by 53 ft.; 

That one other overlap was found on the west 
line as shown on the plat; 

That Richard W. Wilson and all ad joiners 
were sent a copy of my preliminary report and 
plat of2/17 /1976 and that no objections thereto 
were received; 

That I made a final plat and description of 
survey which are attached hereto and made a 
part of this report; 

That all lines have been marked with 2 hacks, 
and witness trees with three hacks; all painted 
with Persian Orange Enamel; 

That copy of the final plat has been sent to 
Richard W. Wilson, Bertus M. Craig, Thomas L. 
Craig, Joseph C. Filsinger, Ronald White, Ed 
Smith, Thomas G. Clark and surveyor Robert A. 
White; 

The plat and description should be recorded 
in the County Clerk's Office; that this survey is 
now complete, having been made with Warren­
Knight surveyor's compass #17841 with an 
error of closure of 1:1516. 

October 4, 1975 (seal) (sgd) F. H. Sipe, L.L.S. 
Elkins, WV 

NOTES 

1. J. H. Nelson, L. Huritz, and D. Knapp. 1962. 
Magnetism of the Earth. U.S. Government Publi­
cation No. 40-1, U.~. Coast and Geodetic Sur­
vey. Washington, D.C.: U.S. Government Print­
ing Office, p. 15. 

2. R. E. Davis, and F. S. Foote. 1968. Suroeying, 6th 
ed. New York: McGraw-Hill, p. 34. 
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22----
The Planetable: Instruments and 

Methods 

Robert J. Fish 

22-1. INTRODUCTION 

The planetable alidade is an articulated hybrid 
surveying and drafting instrument system that 
enables a topographer to simply and directly 
communicate with the map sheet that, in a 
very real sense, is an extension of the topogra­
pher's perception of a landscape. The instru­
ment is capable of performing all the usual 
survey functions with the exception of field 
astronomy. It is also unsurpassed as a basic 
instrument for teaching fundamental concepts 
of surveying because the geometric principles 
are readily grasped, and the objective of a 
survey operation is clearly indicated on the 
map sheet. 

22-2. PRACTICAL APPLICATIONS 

On balance, advantages of the planetable­
alidade system often outweigh any limitations. 
Integration of the "obsolete" planetable 
method can often be advantageously applied 
to contemporary problems as a valuable ad­
junct to the spectrum of current advanced 
technological instrumentation. 

Photogrammetry is not always effective. 
Dense conifer forest, deciduous forest in leaf, 
swampland of tall grasses, and featureless ter-

rain such as sand dunes can be mapped in 
more detail by ground survey techniques. 
There is no substitute for on-site inspection of 
terrain features, especially in large-scale map­
ping of built-up areas, where a considerable 
volume of underground detail and paved sur­
faces is encountered. 

The plane table method can also be used for 
some types of construction layout staking, such 
as embankments, cuts, ramps, berms, or other 
similar situations where earthwork slopes are 
best determined graphically. Nuances of gra­
dients at paved intersections for vehicular 
traffic or taxiways and/or runways can be 
solved and staked by expendient application 
of the planetable method. 

22-3. PLANETABLE METHOD 

Map manuscripts can be produced by various 
techniques using ground surveying methods. 
Three main ones considered in this chapter 
are (1) the level and tape, (2) planetable ali­
dade, and (3) transit stadia. 

The procedure using an automatic level 
and tape has some applications in mapping 
terrain strips for roadways or other similar 
routes. Detail is field-plotted on a prepared 
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sheet mounted on the planetable board but 
without the alidade. 

The usual method for capturing terrain de­
tails is to locate features with a tape and right­
angle prism directly from a pre marked ground 
system, such as a centerline, base line, or in 
the case of a site plan, a suitable grid. Plotting 
the map manuscript is done on prepared field 
sheets concurrently with the field readings, 
thus obviating keeping field notes. Elevations 
are determined by a self-reducing rod. The 
field team is normally composed of three to 
five people, depending on the density of detail 
to be mapped. 

Productivity is measured by the output of a 
topographer or draftsperson. If the site is 
densely cluttered with much small detail, pro­
portionally more drafting time than measur­
ing time is required, whereas a sparser terrain 
needs less drafting but added personnel to do 
the increased legwork. To render the tech­
nique cost-effective, judgment is required to 
balance field-measuring time versus drafting 
time. 

If a telescopic alidade is selected, the same 
general process is used. However, certain ac­
curacy aspects are forfeited as the alidade is 
purely graphic and the level-tape method 
semigraphic. The planetable-alidade proce­
dure is best suited to smaller-scale ratios and 
areas or site work typically running lower than 
1:600 (1 in. = 50 ft) with the upper limit of 
perhaps 1:62,500 (or about 1 in. = 1 mi). For 
some landscape applications or special engi­
neering works, scales as large as 1 in. = 8 ft are 
used, obviously for very small sites. 

Perhaps the most cost-effective, versatile, 
and flexible technique is the transit-stadia 
method. Recent advances in total station types 
of EDMIs permit all aspects of fieldwork to be 
accomplished simultaneously. If the theodo­
lite/transit is equipped with a sensitive control 
level on the telescope, third-order bench level­
ing can be combined with the normal capture 
of terrain detail. If a second-order theodolite 
is employed, along with an EDMI, an accept­
able vertical accuracy result is also possible. A 
direct/reversed pointing on the retroprism or 

target along each traverse leg for both the fore 
and backsights is recommended. 

Field reduction of such observations is not 
necessary and can be a part of the office 
reduction procedure. Measurements of dis­
tances and directions between instrument sta­
tions are obtained in the usual way by what­
ever technique is necessary to fulfill the 
mapping project accuracy specification. Op­
tionally, stadia measurements locating discrete 
terrain features of minor importance, or where 
a lower accuracy is acceptable, will be both 
faster and more blunder-free than the newer 
EDMI technique. In any case, concise, legible, 
compact unambiguous field notes are essential 
for subsequent office plotting of details. Field 
personnel can be reduced to two, but a more 
cost-effective approach utilizes a three-mem­
ber team. Since the ordinary drafting table in 
an office is substituted for planetable board in 
the field, observations can be performed un­
der weather conditions not possible with other 
procedures. 

22-4. LIMITATIONS AND 
DISADVANTAGES OF THE 
METHODS 

A fourth method, not previously discussed, is 
considered by many practitioners to be the 
standard, basic, or "normal" technique. For 
obvious reasons, it has serious shortcomings 
and will not be discussed in detail here. Essen­
tially, it consists of capturing terrain detail by 
the level-tape method, except that field notes 
are kept by the expedient use of sketches for 
subsequent office plotting and evaluation. A 
premarked ground system, usually a grid, cen­
terline, or base line, is set out to locate details 
along with a system of temporary bench marks. 
A comprehensive and complete detailed sketch 
requires considerable time, which reduces the 
efficiency of the entire survey field team. It is 
not drawn to scale, so a distorted perception 
of terrain features may result in omissions and 
blunders. The situation can be compounded 
by a draftperson's "interpretation." 



The level-tape procedure is limited to more 
gentle gradients and not particularly adapt­
able to terrain where large differences of ele­
vation are encountered. Water courses, ravines, 
canyons, cliffs, dense brush, or heavy traffic, 
etc. render the technique cost-prohibitive. It is 
imperative that all areas of the survey theater 
be accessible by foot. It is not readily adapt­
able to large open areas but very practical on 
strip-type mapping. 

The planetable-alidade system produces a 
graphical analog or scale model of the terrain. 
Analysis is limited to the terrain model only. 
The sheer bulk of ancillary equipment, such as 
a sun umbrella, drafting gear, map case, slide 
rule, or calculator, along with the six basic 
components (Section 22-5) limits survey team 
mobility. All field observations must be simul­
taneously reduced and plotted on the field 
sheet. Since the telescope is positioned nearer 
to the ground, obstructions such as brush, 
shrubbery, fences, etc. become troublesome. 

The transit-stadia method has the fewest 
functional defects. Perhaps the weakest link of 
the system is the notekeeping aspect. Any type 
of manual notekeeping is subject to both blun­
ders and omissions. Aside from some rather 
minor arithmetic operations on field notes to 
reduce measurements to true horizontal dis­
tances and elevations of terrain details, the 
field notes function only to transcommunicate 
field date to office plotting of the manuscript, 
after which they have little value. 

The remainder of this chapter will be lim­
ited to these two general methods that are 
about equally cost-effective, produce a similar 
comparable result, and from a functional 
standpoint are very nearly interchangeable. 

22-5. DESCRIPTION OF THE 
PLANETABLE AND ALiDADE 

There are six main components of the plan­
etable system. 

1. A short stout tripod of special design 
2. Modest-size drawing board 
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3. Telescopic alidade (newest state of the art, 
integrated with an EDMI) 

4. Planetable sheet of suitable drafting media 

5. Specially designed stadia rod or retroprism 

6. Ancillary equipment with field cases and ex­
pendable supplies 

Figure 22-1 shows some necessary ancillary 
equipment for plane table operation (more 
items are listed in Section 22-11). 

22-6. TRIPOD 

Much of the accuracy or inaccuracy in plan­
etable work is attributable to the tripod. The 
moving parts for leveling and azimuth control 
are an integral part of the tripod function. It 
must be designed as a geometrically rigid sup­
port that will maintain the board in a fixed 
azimuth, parallel with the horizon, while draft­
ing operations are performed, thereby impart-

Figure 22-1. Plane table with two old-style alidades and 
some ancillary equipment. 
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ing an intermittent and variable torque to the 
tripod and head. 

Two main styles of mounting and move­
ment are available: (1) the geodetic survey 
type and (2) Johnson model. The first style has 
leveling screws, a clamp, and tangent screw 
similar to the lower motion of an old-type 
transit. The Johnson movement is composed 
of a double ball-and-socket arrangement on a 
coaxial clamp stem, so the board can first be 
leveled and then fixed in any desired azimuth. 
The geodetic-type has some advantages for 
graphical triangulation over the Johnson 
model, because it can be set more accurately 
at a given azimuth using the tangent screw. 
Flexure of the tripod and board is inherent in 
both styles. Since the Johnson-type is simpler 
to use, quicker in setup, has fewer parts, and 
for most purposes is equally satisfactory, it is 
the more popular of the two. 

22-7. BOARD OR TABLE 

Various board designs have been constructed 
of wood, metal, plastic, or combinations 
thereof. Most older boards were fabricated of 
well-seasoned pine about t in. thick and rang­
ing from 15 X 15 in. to the more popular 
24 X 31 in. size. Individual planks are joined 
by tongue-and-groove joints, with an end piece 
fitted across the grain along the shorter sides 
to minimize a tendency to warp. These types 
of boards should always be stored on edge. 
When in use, the alidade is moved to different 
positions on the board, thus preventing it from 
retaining a perfect plan due to flexure. It is 
therefore a waste of time to level the board 
with very high precision. 

Some boards are rounded on the long edges 
to mount standard-size plane table sheets, 31 
in. wide and any length, by rolling the unused 
portion of the sheet and fastening it with 
spring clips to the board's underside. Other 
boards have eight flush-headed thumb screws 
for attaching a 24 X 31 in. sheet stock that has 
been appropriately perforated. Each screw 

head is recessed below the board's surface to 
allow the alidade blade freedom of movement 
over the screws. A thread mounting plate that 
mates with the threaded stud of the tripod 
head is attached to the board's underside. 
Sometimes, the board is stiffened with sleepers 
radiating from the mounting plate. 

22-8. ALiDADE 

Only the telescopic alidade will be described 
in detail. Figure 22-1 shows two old-style mod­
els. The nearer one is the "exploration" ver­
sion, smaller and more portable than the 
pedestal "geological survey" type. The so­
called "peepsight" alidade has a use limited 
generally to military reconnaissance purposes 
in conjunction with a smaller 15 X 15 in. 
board. 

A telescopic alidade consists of a base or 
blade composed of either a plain or articu­
lated fiducial straightedge that rests directly 
on the planetable sheet. It has (1) a pylon or 
pedestal extending from the straightedge 
base to a pair of standards-very short in the 
exploration-type alidade; (2) a trunnion axis; 
and (3) a sleeve in which a telescope of rather 
modest magnification fits. On some styles, the 
telescope can be rotated 1800 between stops 
on its longitudinal axis. This arrangement per­
mits adjusting the alidade by a procedure simi­
lar to that for the old-style wye level. If the 
alidade is self-indexing (automatic), follow 
the adjustment method recommended by the 
manufacturer. As typical for all leveling instru­
ments, the classical peg-check is appropriate, 
regardless of the reading system. 

The telescope eyepiece is generally swivel­
mounted, so the observer's eye need not be 
aligned with the telescope's longitudinal axis. 
Some older-style alidades, not so equipped, 
forced the observer to look directly into the 
barrel, which could be awkward or even im­
possible on very steep shots. Most bases or 
blades have a slight arch to distribute the 
weight toward the tips, thereby increasing the 



turning moment to increase the alidade's 
stability. 

All alidades are equipped with a partial 
circle for measuring vertical angles. Various 
methods for reading the circles employ (1) a 
fixed or nonadjustable index-the index cor­
rection must be read at every observation, (2) 
an adjustable index controlled by an attached 
level vial, (3) automatic indexing with a 
pendulum-actuated compensator, and (4) elec­
tronic sensing as part of the EDMI system. 
Depending on the instrument, the vertical an­
gle may be read in the customary unit of 
degrees and minutes, or by an auxiliary scale 
to simplify reduction of the vertical and hori­
zontal components. 

Figure 22-2 displays a Kern self-reducing 
alidade with its eyepiece fixed at a 30° angle to 
the horizontal for comfortable reading, ever 
on steeply inclined sights. The precise and 
rugged parallel arm can be moved over a wide 
range, thus simplifying the sighting and plot­
ting operations. A pin at the end of the scale 
pricks the point into the paper at the push of 
a knob. Plotting accuracy is increased by about 
25%. 

Figure 22-3 shows the first and smallest 
EDMI mountable on an alidade and facilitates 
planetable operations. The minisize Bench­
mark Surveyor PT-l EDMI mounted on an 

Figure 22-2. Self-reducing alidade. (Courtesy of Kern 
Instruments, Inc.) 
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Figure 22-3. Survey PT-I EDMI mounted on an alidade. 
(Courtesy of Benchmark Co.) 

alidade measures just 2 X 2 X 4 in., weighs 
only 1.6 lb, has automatic slope reduction and 
an accuracy of ± (5 mm + 10 ppm). 

22-9. PLANETABLE SHEET 

Material for an ideal plane table sheet has the 
following properties: 

1. Moisture-proof and non hygroscopic 

2. Dimensionally stable under variable condi-
tions of temperature and humidity 

3. Able to take ink or pencil 

4. Capable of withstanding repeated erasures 

5. Stiff enough to resist fluttering in a light 
breeze 

6. Rollable 

7. Tough enough to resist surface scuffing 

8. Transparent for production of preliminary 
prints 

9. Suitable for long-term archival quality 
storage 

10. Reasonable in cost and availability 

11. Nonglaring (Jow reflectivity) 
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Older material were made of cloth-backed 
detail paper 31 in. wide and up to about 10 ft 
long. These sheets were rolled and kept in 
waterproof cylindrical maps cases during 
transportation. Some flat sheets were lami­
nated detail papers with their individual grains 
oriented at right angles. Still others were three 
layers thick, the middle being a thin sheet of 
aluminum forming a "sandwich." 

For small projects, ordinary colored poster 
board may be used. For larger more important 
work, mylar works well if the board is covered 
by a light green or buff vinyl material available 
for that purpose. A double matte tends to 
adhere to the board, whereas a single matte 
may "skate." 

If a plan is to be edited on the planetable, a 
mylar reproduction is used instead of an ordi­
nary ammonia print and exposed in a vacuum 
frame to protect scale integrity. 

22-10. STADIA RODS 

Only rods specifically designed and manufac­
turered for use in stadia work should be em-

ployed. Self-reducing alidades require a spe­
cial rod matched to the particular instrument. 

Figure 22-4a and 22-4b show the face and 
back of duplex rods graduated in feet and 
meters: (1) for use on short sights and (2) for 
long shots. Both were hand-built and the sta­
dia faces handpainted with a black and white 
flat paint for a nonglare surface. The gradu­
ated coaser stadia faces lies in a single unbro­
ken plane permitted by the nonfolding design. 
When employed in heavy brush, their bold 
open graduations can be read more accurately 
than other designs. Complicated marking sys­
tems and/or fine graduations should be 
avoided for long shots, because it is difficult to 
discern small details. The foot rod has been 
read to about 2200 ft under ideal conditions. 

The other faces are commercially available 
metal tapes fastened only at the bottom, run 
in guides, and spring-loaded at the top. It is 
essential to equip the rod with an adjustable 
level as shown in the figures, since accuracy in 
stadia measurements depends on the rod be­
ing held vertically. Note its low placement on 
the rod face where it can be readily checked if 

Figure 22-4. Observe and reverse sides of hand-built stadia rods, graduated in feet and 
meters. 



the rod is held on a TBM fire hydrant or other 
high mark. 

22-11. ANCILLARY EQUIPMENT 
AND EXPENDABLE SUPPLIES 

These include the following: 

1. A imll's-eye level for the board. 

2. A box compass, also caIled a trough com­
pass or declinator. 

3. Spring clips or clamps for attaching rolled 
sheets. 

4. Pressure-sensitive drafting tape for mount­
ing the planetable sheets and other uses. 

5. Tubes for storing and transporting rolled 
sheet stock. 

6. Drafting scales. 

7. Stadia slide rule, ordinary slide rule, or 
pocket calculator. 

S. Smooth paper or a plastic sheet for cutting 
a mask to protect portions of the map sheet 
not in use. 

9. Drafting instruments and a set of technical 
pens. 

10. Straightedge IS or 20 in. long, assorted 
triangles, and curve templates. 

11. Several lead-chucks or wood pencils from 
about 2H through 9H, with a small emery 
board or file for generating conical or chisel 
points. 

12. Erasers for ink or pencil and for cleaning 
the map sheet. If mylar is used, a small can 
of lighter fluid ("white" gas can be used) 
for cleaning drafting tape residue, remov­
ing unwanted pencil lines, or "dry clean­
ing" when the sheet becomes soiled from 
the hands or the alidade blade. Caution 
should be used when applying the lighter 
fluid to the sheet and rubbing with a small 
cloth or tissue, because it removes all pen­
cil marks, but ink is not affected. 

13. A sharp knife such as a Swiss army knife. 

14. Signal flags and! or ratios. 

15. Tape and plumb bobs. 
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16. Hubs, lath, hammer, nails, guy wire, target 
faces, signal cloth, light lumber, saw, shovel, 
brush-cutting tools. 

17. Retroprism and plumb pole if EDMI ali­
dade is used. 

IS. Transit or theodolite for supplemental con­
trol work. 

19. Loose-leaf notebook with a supply of field 
forms. 

20. Sun umbrella, folding camp stool. 

21. Plumbing "fork" for transferring the posi­
tion of a ground station to the map sheet 
or vice versa on large-scale mapping. 

22. Variable scale or spacing divider for inter­
polating contours. 

23. Small plastic squeeze bottle of detergent 
for washing hands, tools, and the alidade 
blade. Paper towels, water jug, or canteen. 

24. Suitable cases for transport of all equip­
ment. 

22-12. ADJUSTMENTS OF 
INSTRUMENTS AND 
EQUIPMENT, AND 
DETERMINATION OF 
CONSTANTS 

These important factors in doing accurate sur­
veying should be checked at suitable intervals. 
A baseline and several bench marks estab­
lished conveniently near the office-if not al­
ready available-will save time and bolster 
confidence. A schedule of dates for checking 
individual pieces of equipment can be pre­
pared and supplemented as intuition and/or 
unsatisfactory checks surface. 

22-13. STRAIGHT EDGES 

Analidade fitted with plain fiducial edges must 
be checked to determine whether both edges 
are straight and mutually parallel. To test for 
straightness, place the alidade on a light table 
and bring it into contact with a high-grade 
steel straightedge. A damaged or worn edge 
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can be trued by rubbing it with a large file. 
Lay the file down and stroke the alidade edge 
cautiously while in full contact. 

To check for parallelity, set up the plan­
etable, insert two push pins into its surface so 
the blade ends make contact. Align the verti­
cal hair on a distant well-defined object. Bring 
the other edge into contact with the push pins 
and the vertical cross hair should again cut the 
object. Caution: A swivel prismatic eyepiece 
erects the- image, but it is reversed, left to 
right. It is a great convenience to have both 
alidade edges parallel. 

If the alidade is equipped with an articu­
lated fiducial edge similar to the linkage of a 
drafting machine or a parallel rule, first check 
the rule for straightness as before. Sight the 
vertical hair on a distant well-defined target, 
with the rule in an extended position. Draw a 
fine line with a chisel-pointed 9H pencil the 
full length of the ruler. Shift the alidade to­
ward the line to nearly its closed position; 
again sight the distant object. The ruler should 
register on the pencil line as previously drawn. 
If there appears to be an error of unaccept­
able magnitude, the instrument should be sent 
for repair. It is not necessary to check the 
difference in direction between the fiducial 
edge and collimation axis of the telescope with 
any style alidade. 

22-14. TRIPOD 

Check the tripod for loose shows and tighten 
if necessary. If the wood has shrunk beyond 
the range of accommodation, remove the shoe, 
clean the mating surfaces, and reset the epoxy 
putty. 

Examine the tripod for smooth functioning. 
If the leveling motion or azimuth clamp does 
not function perfectly when the board is 
mounted, disassemble the head. Burnish all 
mating surfaces with steel wool to remove 
fine-grained deleterious material. Wipe the 
surfaces with a small cloth saturated with car­
bon tetrachloride, naphtha, or 'white' gas. Re-

lubricate with a good grade of powdered 
graphite, including the mating surfaces be­
tween the wood and metal parts. Satisfactory 
work rests largely on smooth positive function­
ing of the tripod head. 

22-15. PLANETABLE BOARD 

Boards should always be stored on edge-a 
warped board is useless. It cannot be used with 
a self-indexing alidade because the compen­
sator range may be exceeded. 

To check a board for warp, place a steel 
drafting straightedge diagonally across corner 
to corner, then about 4 in. from each edge. If 
a space of more than about 0.1 in. is detected, 
corrective action should be initiated. High 
spots can be relieved with a carpenter's plane 
and sander or the board dampened and loaded 
to remove gross warpage; however, this proce­
dure could take several days. If the board 
appears useless for immediate use, a reason­
ably good substitute can be fabricated from a 
sheet of t-in. plywood. Simply cut a suitable 
size, bevel and sand the edges, seal with shel­
lac or varnish, and install the mounting plate 
in the center of the bottom surface. 

22-16. LEVELING DEVICE 

An omnidirectional (bull's-eye) level is usually 
mounted directly on the blade or base. Some 
styles have a separate appliance consisting of a 
conventional level vial set in a small housing, 
with a base or foot plane on the bottom. To 
check and adjust the level, place it at the 
board center. Level the board in the usual way 
and then turn the level end for end. It will 
now indicate twice any error of adjustment. 
Before adjusting, shift the level to a corner of 
the board and note the run due to flexure in 
the board and tripod. Return the level to the 
board's center and complete the adjustment if 
it is grossly off. 



22-17. MAGNETIC COMPASS 

To check the compass functioning, lower the 
needle to the pivot. It should swing freely 
without sluggishness and sense the magnetic 
meridian with a maximum error of about 0.1°. 
First align the fiducial index with the needle's 
north end. Draw a line on a mounted sheet 
along the box edge or alidade. Swing the box 
several degrees and compare with the line as 
drawn. The needle should settle on the fidu­
cial index mark. Repeat the trial several times 
to verify the function. If the needle comes to 
rest in several positions and anyone is far off, 
the compass should be sent to a repair shop. 

If the needle does not settle with the ends 
at the same level, the cover glass can be re­
moved and the needle lifted from its pivot. 
Simply slide the counterbalance along the 
needle until the balance is obtained. Replace 
the needle with care as the pivot point is a 
finely honed steel pin that is easily damaged, 
particularly if carried without the needle be­
ing raised and locked off the pivot. 

22-18. STRIDING LEVEL 

Older-style alidades are equipped with a strid­
ing level that rests in cylindrical collars on the 
telescope barrel. It should be checked by re­
versals in the same manner as the board level: 
(1) Place the alidade on the board in the usual 
way; (2) bring the bubble to the center of its 
run with the tangent screw; (3) reverse the 
level, adjust half the apparent error by the 
means provided and the other half with 
the tangent screw; and (4) repeat the test. 

22-19. PARALLAX 

Parallax simply means that the conjugate focus 
of the eyepiece and objective do not coincide 
at the plane of the cross-line reticle. If the 
eyepiece is not properly focused on the reticle, 
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movement of the cross lines relative to the 
background occurs as the observer's eye is 
moved from side to side or up and down. This 
condition precludes obtaining accurate stadia 
intercepts. The adjustment is personal in na­
ture and must be made by every individual 
observer. The adjustment should be checked 
several times each day as tired eyes might have 
a slightly different focal length than rested 
ones. 

To adjust for parallax, move one eye rela­
tive to the eyepiece while slowly rotating the 
eyepiece in its spiral track, with the objective 
lens focused on a distant object. The adjust­
ment is complete when the cross line is in 
sharp focus without any apparent movement. 
If the eyepiece is equipped with a resetting 
diopter scale, note the reading for each eye of 
the observer. 

22-20. RETICLE 

To check the reticle for coincidence in the 
plane of rotation of the telescope, sight a 
well-defined target with the cross line near the 
field of view center. Clamp and then with the 
tangent screw, track an object across the field. 
If the deviation is less than about 10 widths of 
the cross line, no change is needed. To adjust 
a gross error, loosen any two adjacent capstan 
retaining screws and very gently tap on the 
screw head to rotate the entire reticle cell 
inside the telescope. Tighten the same two 
screws just enough to resist transport vibra­
tion. 

If the telescope is mounted on a sleeve, the 
reticle can also be checked for collimation. 
Sight the cross lines on a distant target and 
rotate the telescope 180°. The apparent devia­
tion is twice the error. Loosen the capstan 
reticle screws and bring the cross lines halfway 
back to the target. Repeat the test. 

The adjustment procedure should now in­
clude the familiar peg-check. Use the same 
test as for a dumpy level. 
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22-21. CONTROL LEVEL TO THE 
VERTICAL ARC 

Mter the peg-check on the striding level, bring 
the bubble to the center of its run. With the 
tangent screw to the vernier frame, set the 
index to read zero. Being the control level to 
its center of run with the adjusting nuts on the 
mounting tube. The index should now read 
zero, and both level bubbles stand at the cen­
ter of their runs. 

22-22. DETERMINATION OF THE 
STADIA CONSTANT 

The usual alidade telescope is equipped with a 
cross-line reticle composed of a central vertical 
line, one horizontal line, and two or more 
lines parallel with the central horizontal line. 
These auxiliary lines project a nearly constant 
angle of reference for any objects sighted in 
the field of view. The interval or angle of 
interception is carefully set by the manufac­
turer to a specific ratio or submultiple thereof, 
usually 1: 1 00 between the extreme lines. Some 
instruments have additional lines set at ratios 
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Figure 22-5. Determining stadia constant. 

1 :400, with other older instruments providing 
ratios as high as 1:800. The so-called self­
reducing alidades have a set of curved lines on 
a cam and gear-actuated reticle. In any case, a 
correction for the intercept interval should be 
determined empirically for each individual 
instrument. 

On a cloudy day, set up the alidade at a 
nearly level site. Plumb an initial point to the 
ground with the plumbing fork directly under 
the trunnion axis. From this point, accurately 
layout a taped base line setting points at 10, 
20, 30, 50, 75, 100, and 200 ft. Hold a stadia 
rod vertically on each point and carefully read 
the respective intercepted distances on the 
rod. Plot differences between the true known 
lengths and observed stadia distances, and 
connect them by a smooth curve, as in Figure 
22-5. 

Most test results reveal that the largest and 
most rapid changes occur at the nearer dis­
tances. Manufacturers of modern equipment 
approach a zero correction for all lengths, but 
due to the nature of an internal-focusing tele­
scope, the correction actually follows a slight 
curve. It may be extrapolated without an error 
of consequence beyond a 200-ft distance. The 
resultant increase in accuracy, particularly for 
short distances, is well worth the effort. 
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22-23. STADIA RODS 

All graduations must be clean and sharp. Rod 
levels should be sensitive enough to permit the 
rod to be plumbed with an error not exceed­
ing about tin. on a 12-ft rod. Improvise a test 
stand at the angle of the main and porch 
roofs. Simply mark the plumb-bob strike at a 
ground station directly under the roof angle. 
Then, register a corner of the rod at the 
ground station and press the rod to the roof 
angle with a slight pressure. Adjust the at­
tached level. Repeat at intervals not exceeding 
3 mon, or whenever the rod or level might 
have been damaged through accident or 
dampness. 

22-24. FIELD OPERATIONS WITH 
THE PLANETABLE 

Preparatory activities for fieldwork will ordi­
narily include some or all of the following 
jobs: 

1. Establishing suitable vertical and horizontal 
control stations in and around the area to be 
mapped 

2. Testing and checking all components of the 
system, such as tripod head and shoes, test­
ing adjustment of the alidade, checking the 
stadia rod levels or plumbing pole for an 
EDMI, charging all battery-actuated equip­
ment, sharpening brush-cutting tools, etc. 

3. Drafting and plotting the control stations on 
planetable sheets in ink, or otherwise 
preparing them for field use, depending on 
whether the mapping project is fill-in map­
ping to enhance a photo job; revising and 
updating existing maps, developing and 
drafting models for construction layout; etc. 

22-25. CONTROL 

As on any survey operation, adequate vertical 
and horizontal control are essential. The use 
of planetable methods to map large areas is 
almost outdated. Economic factors make pho-
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togrammetric procedures the preferred mode. 
To map an area photogrammetrically, the 
plotter operator must "see" the ground. Im­
pacted areas of sand dunes, swamps, forests, 
and high-rise buildings can be filled in by 
using features that appear on the manuscript 
sheets as control. Large-scale mapping re­
quires discrete ground stations related to a 
reference surface by survey methods generally 
employed for third-order control. 

Bench marks are set for vertical control, 
and horizontal control stations are established 
by traverse, triangulation, intersection, resec­
tion, and trilateration. All should be referred 
to a specific datum surface-the reference 
spheroid commonly used for geodetic pur­
poses, a state plane coordinate system, or usu­
ally a local coordinate network for small iso­
lated projects. 

Survey control is usually a separate field 
operation performed to a higher degree of 
accuracy than is possible with just a planetable. 
For small sites, such as a park of not more 
than perhaps 5 acres, exclusive use of a plan­
etable may be feasible. Larger areas must be 
more closely controlled, and the multiple 
sheets registered exactly at the margins. 

Actual maximum positional errors in the 
horizontal control should not exceed 25% of 
that for a plotted position's error. Thus, if a 
point mapped at a scale of 1 in. = 100 ft can 
be plotted with an error not exceeding 1 ft at 
publication scale, the maximum positional er­
ror of the nearest controlling ground station 
should not exceed 0.25 ft on the ground. 
Vertical control should be run to at least 
third-order standards, and the height of the 
trunnion axis determined with its error not 
exceeding 0.1 of the contour interval. 

Small site work may require elevations to 
very close limits if paved areas, sewers, floor 
elevations of buildings, etc. are required. If a 
planetable is used for the construction of paved 
areas, provision should be made to limit the 
gross vertical error to 0.02 ft. 

Horizontal control is generally marked on 
the ground by concrete monuments, iron 
pins, or tacked hubs. Intersection stations 
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can be any high structure that occurs naturally 
in the landscape. Outstanding signals are 
commercial-type radio or TV antennas, ele­
vated water tanks, church spires, or other 
landmark buildings. Even small trees that have 
been flagged, insulators on utility poles, steel 
transmission towers, flagpoles, etc., might be 
used. In planetable work, intersection stations 
are more valuable than ground stations. All 
signal objects should be intersected from 
ground stations that have been determined by 
the typical survey methods discussed. 

All vertical and horizontal control stations 
must be plotted on the plane table sheet. A 
description of the station, its elevation, and 
horizontal position coordinates should be 
noted on the planetable sheet or in a list or 
catalog arranged for quick field reference. 

22-26. THE SETUP 

On arrival at a site, the planetable board is 
screwed firmly to the tripod head, and the 
prepared sheet, carefully mounted with spring 
clips, thumb screws, or drafting tape. A plan­
etabler works bent at the waist, so the board's 
top surface should be set up about belt high 
or perhaps an inch or two below the elbows. 
Care must be taken to avoid bodily contact 
with the board's edge. 

If particularly high setups are necessary to 
clear obstructions such as tall grass, shrubbery, 
brush, or fences, the table may be mounted in 
the box of a pickup truck. Snub the tripod 
shoes in a "spider," provide a catwalk for the 
operator, and stabilize the vehicle with a jack 
under each side. The flat roof of a nearby 
building can be a potential setup station. A 
catwalk of planks for the observer will mini­
mize flexure of the roof structure as the plan­
etabler's weight is shifted. Protect the roof 
from damage with a plywood overlay. 

Sites to be avoided are steep, rough, boul­
der-strewn places, spongy or swampy areas if 
footing is not fair, and walkways or paved 
stretches subject to pedestrian or vehicular 

traffic. Tracts where moisture might be a prob­
lem should be shunned because unexpected 
"rain" from an irrigation system could ruin 
an unprotected sheet. Or worse, muddy pud­
dle water splashed by passage of a vehicle 
might damage the alidade and ancilliary 
equipment. Consideration must be given to 
potential problems from trees bearing ripe 
fruit, bird droppings from nests on buildings 
or trees, crop-dusting operations, airborne 
pollution from industrial plants and refineries, 
etc. 

Ideally, a setup station should be selected at 
random to maximize command of the terrain 
to be mapped or laid out. The footing should 
be stable so the shoes can be firmly planted. If 
the ground is unstable, drive two-by-two wood 
hubs flush with the surface for the tripod 
shoes to rest on. Sites should be reasonably 
level, not in conflict with any traffic, and in 
natural shade provided by trees or buildings, if 
possible. To satisfy these conditions, the board 
is only infrequently set over a known ground 
control station. Once the most advantageous 
spot has been selected, the position must 
somehow be accurately plotted. 

The classical procedures for locating a ran­
dom setup station are (1) resection (the three­
point problem) and (2) the two-point problem 
(inaccessible base). Other solutions use the 
principles of triangulation, trilateration, inter­
section, and side-section. Convenience or ne­
cessity dictates an analytical approach using a 
transit, theodolite, EDMI, or GPS. Once the 
position has been determined by application 
of either graphical or analytical procedures, it 
is customary to locate topographic details to 
be mapped or laid out by taking side shots 
using radiation and intersection. 

22-27. RESECTION 

Simply stated, resection is the accurate deter­
mination of a discrete position occupied by a 
survey instrument from angle observations at 
only the unknown setup station. The tech-



nique depends on sighting no fewer than three 
suitably situated signals (see Figure 22-6) whose 
locations are known, either from coordinates 
(digital) or by their plotted positions on a map 
sheet (analog). 

The position of a randomly selected setup 
station can probably be defined most readily 
using a transit or theodolite in co~unction 
with a programmable calculator-e.g., an HP 
97 calculator and the "canned" resection pro­
gram. Two advantages are (1) The setup sta­
tion is ascertained with greater accuracy and 
(2) intersection control stations that may fall 
outside the sheet limits can be employed, the 
usual condition for large-scale mapping. The 
setup position is then plotted on the sheet 
utilizing the derived coordinates, pricked with 
a needle, circled with a 3 X 0 pen, and labeled 
for identification. It should be suitably marked 
on the ground, referenced, and described in 
the field notebook for future recovery. 

The graphic method of resection has been 
used for a long time, and several general solu­
tions have been developed. The first method 
to be described is simple to understand but 
inconvenient because extra sheets of tracing 
paper or mylar are required. The procedure is 
satisfactory on a calm day, but even a light 
breeze can frustrate the operation. To per­
form it, simply mount an appropriate piece of 
tracing paper temporarily over the planetable 
sheet, using draft tape. A point is selected, 
needle-pricked near the expected final posi­
tion, and a ray drawn from this trial point 
toward each of the three known stations plot­
ted previously on the sheet. Use a hard chisel­
pointed pencil that will accurately register the 
fiducial edge of the alidade blade. 

With the board now approximately ori­
ented, leveled, and clamped in azimuth, care­
fully align the vertical cross line with each of 
the distant known signals while passing over 
the trial point. If carefully done, each ray will 
not be in error by more than 1 min of arc. 
The rays represent true horizontal angles be­
tween the control stations. 

Loosen the drafting tape and shift the trac­
ing paper about on the planetable sheet by 
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trial until each ray is made to "cut" its corre­
sponding control signal plotted on the sheet. 
The trial point previously needle-marked is 
then pricked through, circled, and labeled for 
identification as before. The tracing paper is 
rolled, returned to the field storage tube for 
several more field solutions, and then dis­
carded. The azimuth clamp is loosened, the 
alidade blade registered along any ray, and 
the board rotated until the cross line cuts the 
signal, and the azimuth motion reclamped. 
When sighting other signals as a check against 
any gross blunders, the alidade blade should 
cut both the needle-pricked point and the 
corresponding signal. The magnetic compass 
should register north, as previously plotted on 
the sheet. 

The easiest and quickest resection solution 
by an analog procedure is a modified 
Lehmann's method. The concept is simple and 
the solution based on the following principles. 
As demonstrated in the tracing-paper method, 
when the board is properly oriented and the 
alidade sighted t6 each of the control signals 
A, B, and C (see Figure 22-6), rays drawn from 
their respective signals will intersect at a unique 
point. Also, when rays are drawn from the 
control signals, the angles at their intersections are 
true angles, whether or not the board is prop­
erlyoriented. 

To execute, set up the planetable at a se­
lected random station. Orient the board by 
estimation or with the box compass. Draw rays 
from the control signals through the as yet 
undetermined location directly on the plan­
etable sheet (rays a, b, c). Loosen the azimuth 
clamp and rotate the table either clockwise or 
counterclockwise until a second trial produces 
a second set of rays (a', b', c') on the other 
side of the expected location, generally deter­
mined intuitively by inspection. Then, lines 
drawn from the intersection of ab to a'b', ac 
to a' c', and be to b' c' represent small portions 
of three arcs of circles that pass through the 
unknown station setup and the control sta­
tions A, B, and C. The point so determined at 
the arc intersections is needle-pricked and the 
construction lines erased, or if on a mylar map 
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sheet, washed off with some white gas, and the 
point circled and labeled for identification. 
The azimuth clamp is loosened, the alidade 
blade aligned on any ray leading to a control 
signal, and a cross line set on the signal by 
rotating the board then clamped in azimuth, 
as for the tracing-paper method. Strength of 
the solution can be gauged by how strong an 
intersection the arcs make. 

Two other solutions-Bessel's and Collin's 
-require additional extended figures to be 
drafted and fail in function if some of the 
necessary plotting falls beyond the board 
edges. 

22-28. TWO-POINT PROBLEM 

Resection can also be performed when only 
two control signals are identifiable, and nei­
ther can be physically occupied, as in Figure 
22-7. The same general concept applies to the 
two solutions previously discussed. Any two­
point solutions requires an auxiliary setup sta­
tion and is therefore not recommended for 
economical operation or cost-effectiveness. 

As in the three-point resection problem, the 
best solutions in most cases is an analytical 
one, with preliminary observations made with 
a transit or theodolite. If these are made in 
advance of planetabling, the solution then be­
comes an office procedure, so the setup sta­
tions can be plotted on a sheet in the same 
way as for other control stations. 

To proceed, an unmeasured base line com­
posed of two convenient mutually visible 
ground stations is chosen at random, marked 
with hubs or in other temporary ways, and so 
situated that control stations A and B can be 
observed from both (Figure 22-7). Occupy each 
ground station with a transit or theodolite and 
take azimuth cuts to control signals A and B 
using an appropriate procedure. The resultant 
intersection figures are solved by plane 
trigonometry (coordinate geometry), using an 
assumed length and azimuth for the base line. 
An inverse is computed for both the assumed 

and actual coordinate positions of control sig­
nals A and B. The distances calculated from 
the assumed data are scaled up or down in a 
simple ratio, and an azimuth equation is ap­
plied to the assumed azimuths. The figures are 
then recomputed using the true azimuths and 
distances between all stations to get known 
coordinate positions of the selected ground 
stations that are plotted on the sheet. Caution 
should be exercised in selecting auxiliary sta­
tions. The solution will be weak if any intersec­
tion angles at the known control signals are 
smaller than about 35° or larger than 145°. 

Several graphic or analog solutions have 
been developed. As demonstrated in the 
three-point problem, the solution is complete 
when the map sheet is correctly oriented. This 
is achieved when, on an accurately oriented 
board, intersecting rays are drawn from the 
direction of the control signals to the vicinity 
of the setup station. 

Orientation is readily made by selecting a 
station on the line joining the two control 
signals. Accurately orient the board along that 
line and draw a ray toward the second, or 
"working" setup. This ray is at a true angle 
with the line joining the two control signals. 
Setup at the second station, backsight on the 
first, and clamp the board in azimuth. Then 
sight the two control signals, cutting their plot­
ted positions, and draw rays from them. The 
setup lies at their intersection. 

The more general field condition is not 
quite as simple. As in the three-point problem, 
the tracing-paper solution is easier to under­
stand and parallels the analytical method. Steps 
to be taken are: (I) Mount a sheet of tracing 
paper over the map sheet. (2) From each end 
of the chosen base line, sight both signals 
using the base line as a reference. (3) Join the 
intersected stations with a straight line. (4) 
Loosen the tracing paper and superimpose 
that line over the one joining the two signals 
on the map sheet and temporarily resnub. (5) 
Loosen the azimuth clamp and sight the ali­
dade to either control station, clamp in az­
imuth. The board is now correctly oriented. 
(6) Sight the other control signal, draw a ray 



from the plotted position. Their intersection is 
the board's position. 

In more frequently occurring situations, one 
or both of the control stations are accessible. 
Again, the best solution is an analytic one and 
essentially a variation of an eccentric station 
case. 

Proceed by selecting a setup point where 
both control stations can be seen. Measure the 
distance to the accessible ground station by 
stadia, tape, or an EDMI and observe the 
angle between the two control stations. Inverse 
the coordinates between them and solve the 
triangle by the sine law. Compute the triangle'S 
two legs as a traverse to determine the setup 
station's position, and plot and identifY it in 
the usual way. 

From an analog solution, draw an arc hav­
ing its center at the control station and a 
radius equal to the measured distance. With 
the board approximately oriented, intersect a 
ray from each control station. Loosen the az­
imuth clamp and rotate the board slightly. 
Again, draw rays from each control station to 
intersect. As in the three-point problem, the 
two arcs pass through the unknown station, so 
their intersection is the point sought. 

With the addition of an EDMI to the plan­
etable alidade, solutions are shortened and 
more accurately fixed. If two ground stations 
are accessible and distances to them are mea­
sured, the position sought is at the intersec­
tion of the two arcs. Where an analytical solu­
tion is necessary, measure the two accessible 
distances, inverse the coordinates of the known 
stations, solve the triangle (three known sides), 
compute the two accessible legs as a traverse, 
and plot the coordinates as usual. 

Caution is required when the minimum 
number of control stations is employed in any 
of the location procedures because no redun­
dant checks are possible. Regardless of how 
erroneously or carelessly the signals have been 
plotted, coordinated, identified, sighted, and 
the intersecting rays drawn, an apparent solu­
tion always follows. A prudent operator always 
makes a redundant check of some kind 
-orientation with the box compass, an extra 
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sighting to an additional control station or 
previously plotted features. A blunder in the 
basic location of a setup station or telescope 
HI makes all data obtained at the station 
worthless. If the plane table is being used in 
the reverse mode as a layout instrument, the 
consequences can be very costly, far more ex­
pensive than just a few hours of nonproductive 
crew time. A control scheme must always offer 
some provision for a redundant check. 

22-29. ORGANIZATION AND 
QUALIFICATIONS OF THE 
FIELD PARTY 

The minimum number of persons on a topo­
graphic crew can be reduced to only two, but 
progress in most cases will be painfully slow. 
Adding a notekeeper who calculates the ob­
servations to the minimum-size party ofa plan­
etable operator and rodperson expedites 
progress. If field work is remote from high­
ways, a truck driver doubling on camp chores 
is an undeniable necessity. Also, if the average 
distance to be walked between side shots is 
shorter than about 120 ft, addition ofa second 
rodperson is justified. The cost-effective ratio 
is enhanced if the truck driver also serves as a 
rodperson when the situation warrants, clears 
brush, transports equipment from station to 
station, and/or helps set up the camp and 
does the cooking. 

Survey personnel qualifications should be 
optimized based on experience, job require­
ments, functions, etc. One untrained or in­
competent person in a topographic crew 
handicaps a team that must function in a 
highly cooperative effort. If the team is to be 
cost-effective and the work attain professional 
quality, all members must be efficient. 

A notekeeper / computer can be less experi­
enced in field procedures than other members 
of the team. If also a proficient draftsperson, 
he or she can take over when the operator 
must be away from the table. An almost ideal 
situation results when all members of a topo-
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graphic crew can satisfactorily run the plan­
etable, keep notes, and act in a utility capacity. 
Turnabout is particularly expedient when the 
planetabler and rodperson alternate duties on 
sequential setups. In addition to the obvious 
relief from working steadily in a bent-over 
position, the operator can complete the field 
plotting, interpolate contours, and draft de­
tails of features in· the area just traversed while 
they are fresh in mind. This activity is per­
formed in the short time it takes the rodper­
son to walk from shot to shot. 

Progress and cost-effectiveness are mea­
sured by the number of points plotted and 
processed per day and depend on the se­
quence and interaction of team members dur­
ing observance of a spot elevation. All must be 
alert, and individual effort is expected to 
maintain the edge required for uninterrupted 
progress, so innovative procedures are called 
for. If some doubt exists about the board's 
ground position, orientation, or HI, the side­
shot positions can be plotted tentatively on an 
overlay sheet. Mter the ambiguity is clarified, 
the side shots can be integrated on the main 
sheet as an office job. Obviously, this speeds 
the field work at the expense of some addi­
tional inside time. 

22-30. MAPPING 

Actual selection of side shots depend on the 
mapping project requirements. Scale of the 
map governs spacing of side shots on a plan­
etable sheet. More than about 10 shots per 
square inch become difficult to process manu­
ally. Large, wide flat areas with a low rough­
ness factor are deceiving, and there is a ten­
dency to spread the shots too far apart. This 
psychological factor must be resisted and a fair 
number of side shots taken in terrain that is 
comparatively plain and uninteresting. The 
rodperson should walk a fairly closely spaced 
interval or pattern, so all the ground is in­
spected at close range; otherwise, important 
small features may remain unseen and there­
fore not plotted. 

The plane table is admirably suited for map­
ping some features and information that can­
not normally be detected on aerial pho­
tographs. These include (0 the size and type 
of culvert pipe, (2) depths and sizes of sewers 
and storm inlets, (3) size and species of indi­
vidual trees and shrubs, (4) floor levels of 
buildings, (5) details of pipelines and irriga­
tion systems, and (6) buried power or tele­
phone lines. 

Elevations of barren sand dunes and fields 
with crops such as corn, sorghum, and cotton 
also present problems for photogrammetrists. 
An example is an irrigated citrus orchard that 
was mapped when a dense canopy hid the fact 
that the only ground a camera could "see" 
was on the elevated farm roads between tree 
rows. Extensive plan revision was necessary 
after construction started to compensate for 
"missing" material in depressions, where or­
chard trees once stood. 

A similar mistake occurred in 1952 on the 
Ohio Turnpike. A preliminary design required 
radical revision when "ground truth" on-site 
surveys revealed that contours had been 
drafted on top of the forest canopy, in some 
places more than 100· ft above the ground! 
There is no substitute for a close inspection of the 
g;round by a well-trained competent rodperson. 

22-31. DEPICTION OF GROUND 
CONFIGURATION, 
TOPOGRAPHIC FEATURES 

Selecting a ground point to be mapped that 
represents a surface is very important. An ex­
act representation of warped ground forms is 
not possible, but a close approximation is at­
tainable from the plotted locations/elevations 
of ground shots. Proper procedures produce 
results far superior in both accuracy and econ­
omy of operation to the much-abused "grid" 
or "checkerboard" arrangement. 

The controlling-point method is based on 
two facts: (1) Three points in space determine 
a plane that can be passed through any three 



points and (2) only a plane surface can be 
analyzed in a practical way on the plane table 
sheet. 

To accurately portray the ground surface, a 
rodperson visualizes the surface to be mapped 
as being subdivided into triangles defining a 
plane that does not deviate from any point on 
the ground surface by more than one-half the 
contour interval. Any three spot elevations 
control the size, location, orientation, and 

-differences of elevation enclosed by the 
triangle. 

When plotted on a planetable sheet, se­
quential points are connected by drawing a 
straight line. The triangle side having the 
greatest difference in elevation is divided pro­
portionatelyor interpolated with an appropri­
ate device such as a spacing divider or variable 
scale. An additional tick mark is included at 
the same elevation as the third point of the 
triangle. Using a pair of small triangles, draw 
lines through each interpolated point parallel 
with the line considered level, terminating at 
the defining triangle limits. If the rodperson's 
perception of the defining plane is substan­
tially correct, it follows that the contours so 
drafted are an acceptable approximation of 
the actual ground surface, limited by one-half 
the contour interval. 

In the interest of economy, contours are 
drawn where some confusion may exist about 
which points are needed to clarify a particular 
plane area. Unambiguous portions are de­
ferred for office work. With a little experience, 
an operator or draftsperson can intuitively se­
lect only those line segments requiring inter­
polation, because in most instances a few in­
terpolated lines along the steeper gradients 
are sufficient to define an entire hillside. 

The sequence or pattern in which a rodper­
son chooses side shots is also critical. The 
number of them required is evident if features 
such as buildings, trees, walks, curbs, gutters, 
drives, fences, manholes, utility poles, etc. are 
located first. Those features having continuity 
-i.e., curbs, fences, and building lines-can 
be side shot first, sequentially, and immedi­
ately sketched in. For example, if the outlet 
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end of a culvert is a side shot, the following 
sight should be on the inlet end. Size, type of 
material, and any special items are noted on 
the sheet. When a considerable number of 
details and features must be labeled, brief 
notes are essential. When a point is plotted, it 
becomes the elevation's decimal point. For 
clarity, never note the elevation beside the 
digits by a small cross. For brevity, truncate the 
elevation figure as 32.45 instead of 1032.45. 

22-32. OBSERVING, PLaniNG, 
NOTEKEEPING 

Observing and reading a stadia rod with a 
telescopic alidade is a quick and seductively 
simple procedure that results in a product 
superior in accuracy and lower in cost than 
more conventional methods. The basic se­
quence for taking side shots is as follows: 

1. The rodperson holds the stadia rod at a 
point or station to be mapped. 

2. The operator aligns the alidade on a rod 
using the telescope's open rifle sight, with 
the fiducial edge of the alidade straight­
edge nearly cutting the plotted setup sta­
tion on the map sheet. 

3. Focus the telescope and align the vertical 
cross line on the rod. 

4. Slide the alidade laterally until the straight­
edge cuts the setup station as plotted. 

5. Level the telescope and read the rod where 
the level sight line strikes it. 

6. Turn the tangent screw until the lower 
stadia line cuts the rod exactly at a foot 
mark and note the rod reading on the 
upper cross line. The difference between 
the two readings is the stadia intercept. 

7. The intercept ratio customarily set by the 
manufacturer is almost exactly 1 to 100; 
therefore, multiply the stadia intercept by 
100. 

8. Apply a scale along the fiducial straight­
edge and plot the point. 

9. Subtract the level rod reading from the HI 
above the datum plane and note the eleva-
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tion. If a level sight line does not strike the 
rod, modify the procedure with an inclined 
stadia observation. 

10. Read the stadia intercept first, then sight 
anywhere on the rod and record the read­
ing. 

11. Reduce the inclined sight to its horizontal 
and vertical components, plot the location, 
and compute the elevation as before. 

In the procedure outlined, the vertical an­
gle must be precisely determined. An operator 
may opt to read it in the standard degree-and­
minute units and then compute the horizontal 
and vertical components using tables, a stadia 
slide rule, or a programmable pocket calcula­
tor. As an alternative, an auxiliary scale, the 
Beaman stadia arc, can be employed. In both 
cases, before the vertical angle is read, the 
control level on the vernier frame must be 
brought to the center of its run. 

A Beaman arc has two variable-spaced scales 
that are read against fixed indexes, so the 
graduations represent whole convenient ratios 
of the vertical and horizontal components on 
inclined sights. It is not necessary to know the 
derived mathematical theory. The fiducial 
point on most Beaman arcs' vertical scale is 
numbered 50, a constant to be subtracted from 
all readings. Sight the rod as before and read 
the stadia intercept to be recorded by the 
notekeeper. Bring the control level to the 
center of its run and with the tangent screw, 
set to the nearest waduation on the vertical arc 
exactly at the index and note the horizontal 
cross-line rod reading. The difference in ele­
vation between the trunnion axis and rod 
reading is the product of the vertical arc read­
ing and stadia intercept. 

On some models, the horizontal scale of a 
Beaman arc is numbered zero when the tele­
scope is level and goes up to 20 or more. On 
others, the numbers begin at 100 for a level 
reading and move down to 80. The incremen­
tal spacing of both styles is exactly the same. 
The first numbering system indicates the per­
centage of correction to be applied to the 
stadia distance (always minus). The second 

graduated scale gives the factor as a percent­
age of the stadia distance. Vertical angles 
smaller than about 3° need not be corrected. 

A self-reducing alidade has an articulated 
cam and/or gear-actuated curved-line reticle 
interposed at the conjugate focus appearing in 
the field of view to reduce inclined sights to 
horizontal distances. Hence, the distance is 
read directly on a vertical rod without calcula­
tion. The vertical component is obtained simi­
larly with the rod intercept indicated by a ratio 
to the vertical component. The so-called self­
indexing alidade is convenient, quick, and an 
improvement on the older-style instruments. 

Figure 22-8 depicts a different planetable 
project. Note the lath nailed to the board's 
corner that greatly adds to the system's stabil­
ity. So does having the rodperson stand di­
rectly behind the rod. Staking for initial grad­
ing operations on site work is well within the 
accuracy limits of the planetable. 

Figure 22-9 shows a loose-leaf noteform with 
several side shots reduced preparatory to plot­
ting. Loose-leaf forms are preferred because 
the book is less bulky than its bound counter­
part, and as field work progresses, the notes 
can be removed and correlated with the plan­
etable sheets in the office. Active notes remain 
in the field for reference. Since all operations 
are manual in nature and performed by peo­
ple, certain calculations, simple as they may 
be, are subject to blunders. Experience shows 
that most mistakes are arithmetic; few if any 
readings are sour. If a plotted point does not 
fit, usually it can be found quickly, identified 
in the field notes, and the reduction checked. 
When the project is completed and all perti­
nent information placed on the finished map 
sheet, the field notes retain very little value as 
a permanent record. 

22-33. PRACTICAL SUGGESTIONS: 
AVOIDING PITFALLS 

Obscured sight lines caused by trees, brush, 
shrubs, fences, buildings, vehicles, etc. are 
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Figure 22-8. Using the planetable in layout mode to stake a curved entrance drive. 

, 
0 COPYRI r BY LEFAX, ~ _ADELPHIA. ,9132 PR ED IN U s.(!j -
... 

T. £..5. T. /51 T .. GJJ. AOt t.lt::, fY VI. D ILJ V~ :tz.OJ 9/u111IL ( IZ..J.F. 'X' ... 
'" S~·<c.~a) a.c. ~ . 

INSTtl.u ulLloJT' 'N 11 .... .LJHAL LJI>oIA a ... p...,~ aN JoB -*(;01(; 

I. P.'ta {.W. II ~ 1:. ~, I. ~ .. __ ~ /140. ~., ~ 1;. T' 

Ftl.~ .. I.P. ta Jo .W'. C , .. ",a II. 'I T.~.14 . 8~"'5 S CAP -a i K Ii. l. e.v. ~ IY2. 37' 

IDI1Jd 8.tU.. AIU \ I DI&'&'\ (40.,\ i 011':':\ fA 'v /'~._A_": 

134- $7 

-z. "lot - - 7. '7ft I~?" T.P, .... 

". - - ~.O - ~4.(; .43.tlI'I i I'.. \.' t/;, INJlit;y, VJIH.L ,.,., - - ~.~2. - A4.'1:;. .. 113.11' i,.O·?» /-4.IN.C ... p",,,.,,. LitT. 

1$"1. - - 5.31 - ....... '%. 4~.'.L Co" \ ~. V ..... L l. ." ~u?' 

''''7 - - S 'Z'l. - ....... ~c A~qn 0.'" tA. ISLAHD 

h - - -'. !o'l - ~""1. "3.44 ~...,.1,. .. " 

"' ~3 + 3 •• 3 • .1' -5.4- ..... 1- .4~.J.5 "1.1 ~ V,ALlIlt. ~#.'P. 

140 - - s:n. - "'~.J5 4S.~~ 1.-.0.0 C. 1§J4AHIJ 

157 - - '.02. - "".55 .4A.I, too.c.l. .:;".", AA ....... 

Figure 22·9. Field notes for initial site grading at a small shopping mall. 



556 The Planetable: Instruments and Methods 

some of the most pervasive obstacles in field 
work. Carefully selecting the setup stations can 
eliminate at least part of that problem. Good 
reconnaissance will determine whether certain 
areas hidden below low ridges or buildings 
can be "seen" without extensive brush cut­
ting. Setup stations should be tentatively 
marked with lath to check sight lines at critical 
locations to be mapped, and for obstructions 
between the stations. About 20 min are lost in 
nonproductive crew time whenever the table 
must be moved because a few side shots can­
not be observed. If the party is staffed with 
three or more people, some forward progress 
is always possible by only an operator and 
rodperson. Plane table work can be suspended 
entirely if additional control work such as 
bench leveling is done by the observer and 
rodperson while the note keeper plots con­
tours, sketches details, or mounts a new sheet. 

If the stadia rod is partially obscured, the 
observer can traverse the rod, searching for 
enough showing through "the hole" to obtain 
a reading for the stadia intercept, and then 
complete the shot. Generally, the rod can be 
shifted a little to the left or right to take 
advantage of small openings. It may be waved 
through a small arc of 2 or 3 in. if two open­
ings are not directly in a vertical line, one 
above the other. Sometimes, the rod can be 
read by setting the upper cross line (instead of 
the lower one) at a full foot mark. Or failing 
that, any two rod graduations can be read. For 
a noncritical side shot on the ground, a half­
or quarter-interval can be used. If the obstruc­
tion is not too high, the rod can be "booted" 
up to perhaps 6 ft-not a generally recom­
mended practice but effective for ground shots 
of not more than a few hundred feet. Obvi­
ously, considerable teamwork is required be­
tween the planetabler and rodperson to suc­
cessfully map an area where terrain features 
severely limit visibility. 

Frequently, in locating or mapping build­
ings, trees, branches, overhanging eaves, or 
other obstacles prevent the rodperson from 
setting the rod close to the proper point. The 
best approach has the rodperson move at right 

angles to the sight line from alidade to the 
desired point, so the stadia distance is the 
same as if held at the building corner or tree. 
The alidade is aligned to the object before 
plotting the point, if it can be seen. Otherwise, 
the rodperson measures the offset, which the 
operator uses to plot the true point. 

For a circular standpipe tank, a single side 
shot at the tank's base is taken on its center 
and ray lines drawn tangent to the edges. By 
trial, fit a circle tangent to the two rays, while 
cutting the single point, using a template or 
spring compass. Short circular arcs, such as 
curb returns, can be located with three side 
shots defining the are, or by a single sight to 
the PI plus the rodperson' s measurement of 
the external. Walkway widths, small buildings, 
driveways, and other small narrow features can 
also be quickly measured by the rodperson 
without assistance. 

When mapping in cropland, it is advanta­
geous to use the rows as guides, spacing shots 
for optimum coverage along each row tra­
versed, thereby causing little or no damage to 
crops. Small grain crops, such as wheat, oats, 
and barley, are damaged minimally because 
the rodperson moves over the ground just 
once. The board can be located at the field's 
edge, so it is not necessary for other crew 
members to enter the field. Grid surveys re­
quire two or three people to traverse and 
retrace the grid lines at least twice. 

To map swampland or bogs where footing 
is soft, a satisfactory setup can generally be 
made by driving wood hubs to support the 
tripod shoes and providing a 1 X 6 in. board 
about 6 ft long for the operator to stand on. In 
the northern states, swamp and lake areas are 
best surveyed during or after freezing weather. 

Some forests are easily mapped because 
dense undergrowth does not flourish in deep 
shade. Sight lines are limited, however, so 
relatively more horizontal and vertical control 
is required than in open terrain. 

When working in streets with relatively 
heavy traffic, the note keeper can be a guard to 
protect the rodperson. Standard control de-



vices, such as signs and traffic cones, may be 
necessary. If traffic is extremely hazardous, 
work must be delayed until a Sunday morning 
or holiday. Equipping the survey truck with a 
revolving light provides a temporary barri­
cade. As a last resort, contract with the local 
police to assign one or more officers for traffic 
control. 

Sometimes, it is advantageous to check or 
edit topographic surveys that have been made 
photogrammetrically. Use two boards: Num­
ber one in the normal way and on number 
two mount the contact prints as a stereo pair 
to be viewed with a pocket stereoscope. Ter­
rain details that may be indistinct if put in a 
plotter can be given on-site enhancement. Oc­
casionally, additional terrain features are side 
shot to improve the photo control-e.g., a 
sidewalk shot made if a truck was directly over 
an aerial panel painted on the street at the 
instant of film exposure. Terrain details can 
be fuzzy in the deep shade of multistory build­
ings or hidden beneath bridges and overhang­
ing trees. Brush or tall grass can conceal 
ditches and outlets of drainage structures. 

In breezy weather, vibration of the plan­
etable is damped by applying a strut under 
slight compression between a board edge and 
ground. Drive a lath beside the board's edge 
and cut it off about {- in. above the board's 
bottom surface. Bend the lath into a slight 
curve and tuck it beneath the board so a slight 
upward force is applied, or nail the lath to the 
board edge with a small box nail not more 
than 1 in. long. 

22-34. PLANETABLE APPROACH, 
aUT WITHOUT A PLANETABLE 

Most of the advantages of planetable mapping 
can be realized by substituting a transit or 
theodolite for the planetable alidade. The ob­
jective, general procedure, and result are es­
sentially the same; namely, to produce by 
ground survey methods and manual plotting a 
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topographic plan of the earth's surface to an 
appropriate scale showing the relief, culture, 
and terrain features by means of symbols. A 
transit or theodolite is employed in the 
tacheometric mode. 

This technique is more tolerant of weather 
conditions than the planetable-alidade meth­
od. Light, misty rain (use Rite-in-the-Rain field 
books), intermittent showers, light snow, mod­
erate wind, or temperature extremes may to 
some extent impede field progress, but these 
conditions do not completely deter a resolute 
survey party. In reasonably good weather, with 
typical relatively unobstructed features to be 
mapped, an experienced crew composed of an 
operator and rodperson can book about 350 
to 400 side shots s day. Production can be 
increased to perhaps 700 to 900 per day by 
adding a notekeeper. If the work area war­
rants the addition of a second rodperson to 
make a four-member crew, the total may reach 
1500 side shots per day. If we assume gently 
rolling terrain with about 20 side shots per 
acre, it translates to approximately 75 acres 
mapped per day. 

Major disadvantages compared with the 
plane table method are (1) an increase in the 
volume of notekeeping and number of side 
shots required, (2) more office work to pre­
pare the plotted map sheet, and (3) a reentry 
on the job site is necessary to ground check 
the plotted map sheet. 

Some advantages include (1) not much an­
cillary equipment to carry; (2) the survey party 
become more mobile; (3) vertical and horizon­
tal control work can be combined concur­
rently with procurement of terrain features; 
(4) the telescope is nearer eye level, thus more 
comfortable for the operator and better for 
seeing over obstructions; (5) higher magnifi­
cation enables the instrumentperson to take 
rod readings through smaller holes in the 
brush and at longer sight lengths, resulting in 
fewer setups; and (6) ground elevations are 
determined with higher accuracy because of 
the greater stability of the mounting base and 
improved reading system on the vertical circle. 
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22-35. MORE PRACTICAL 
SUGGESTIONS: AVOIDING 
PITFALLS 

Note that reductions, plotting, and contouring 
should be carried out by the same people who 
did the field work. Familiarity with the job site, 
control scheme, and field notes expedites 
preparation of the map sheet. It is a serious 
mistake if management precludes field per­
sonnel from office work and vice versa because 
the surveying, plotting, and drafting are one 
continuous phased project. Considering every 
phase a distinct operation that requires spe­
cialists for each one results in blunders, in­
creased man-hours, and a work product of 
inferior quality. 

Plotting is somewhat simplified and mis­
takes avoided if the horizontal circle's zero 
point is always oriented to the north. Easy 
verification is provided by checking the zero 
against the compass magnetic needle at each 
setup. On small site surveys at large scales, the 
circle should be oriented in register with the 
magnetic compass at the first setup station. At 
subsequent stations, zero on the circle is 
aligned parallel with the first setup. 

For example, assume that the instrument is 
at station A, with the circle clamped at zero 
and the magnetic compass reading north. Sta­
tion b is then sighted at a clockwise azimuth of 
30°00'. Then, set up at B with the circle 
clamped at 30°00' plus 180°00' and point to 
A. This procedure handles the orientation in a 
purely mechanical way. As a variation, set or 
check the circle azimuth reading at B, invert 
the telescope before backsighting A, which is 
equivalent to adding or subtracting 180°00'. 

If the horizontal control was run previously 
as a traverse and adjusted for misclosure, the 
control data should be expressed in the usual 
XY-coordinates, and horizontal distances and 
azimuths between sequential stations derived 
therefrom. Never use bearings. When occupying 
any station, sight the adjacent ones with the 
circle clamped at the azimuth or back azimuth 

as pertinent, turn the instrument to zero, and 
let the needle swing free. It should settle very 
near a north reading. 

If the vertical control was run by differen­
tial leveling, the station hubs could be in­
cluded in the bench loops as turning points. 
To get the HI at any setup, measure with a 
pocket tape from the hub to the trunnion axis. 
Checking readings on TBMs or adjacent sta­
tions will avoid blunders in computing the HI. 

A recommended standard operating 
method reserves the first few lines of the field 
noteform, at all new or reoccupied stations, 
for entry of the check readings. It is not always 
convenient to take them first and the tendency 
to record these essential observations in the 
main sequence of side shots must be resisted. 
Also, some prominent well-defined terrain fea­
ture should be selected at each station setup to 
serve as an azimuth mark. Its azimuth is en­
tered in the noteform to guard against the 
natural proclivity of a transit or theodolite to 
drift slightly in azimuth. Orientation of the 
circle can be quickly checked at any time, 
without the assistance of a rodperson. 

The detail sheet is prepared the same way 
as a normal planetable map. Generally, the 
control grid is drafted to the required accu­
racy and setup stations plotted by coordinates 
from the adjusted traverse or other control 
scheme. The drafting media-vellum, mylar, 
etc.-must be suitable for tracing. A flat scale 
is less awkward than the ordinary triangular 
type. 

If is essential that a large protractor printed 
on paper, bristol board, or mylar and gradu­
ated to quarter degrees be used (see Figure 
22-10). Plastic types are too thick and drafting 
machines too slow. A protractor graduated 
clockwise through 360° is centered under the 
plotted station and accurately oriented across 
a whole diameter, using a meridian line drafted 
through the plotted station. A needle (or bet­
ter, a push pin) that has been honed to a small 
diameter is inserted at the exact station and 
covered protractor center to form a socket for 
a repeat register. 
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Figure 22-10_ Full-scale protractor to be used under plotting sheet. 

The flat plotting scale is prepared by af­
fixing a small tin- strip of ordinary drafting 
tape at the zero point (see Figure 22-11, top 
panel). About one-third of the tape is attached 
to the underside and pierced at the fiducial 
zero point. Fold the tape approximately ~ in. 
from the scale edge and press into contact 
with the upper surface. Register the zero point 
from the bottom side by again piercing the 
push pin (Figure 22-11, bottom panel). Then, 
place the zero point over the plotted station 
mark and gently probe for the socket made 
earlier. Reinsert the push pin to place the 
scale in near-perfect register with the plotted 
station and protractor center. 

In Figure 22-12, the plotting scale is pinned 
through the protractor's center, which is un­
derneath the mylar sheet. Some details have 
already been inked and the pencil notes 
washed off. Individual points can be plotted to 
an accuracy of about 0.02 in. for ordinary 
work with higher accuracy attainable at a 
slower pace. Normal plotting rate is about 400 
shots per hour if a "reader" is available. The 
field notes are arranged to be read from left 
to right and plotted in the order recorded in 
the field (I) azimuth, (2) distance, (3) eleva­
tion, and (4) description. 

22-36. EARTHWORK VOLUMES BY 
TACH EOMETRY 

Cross sections in borrow pits can be developed 
quickly and easily by a small field survey party 
using the stadia method. At the site for a 
borrow (or pit) area, select a base line, prefer­
ably along the longitudinal axis. Terminal 
points of the base line should be referenced to 
points in sheltered areas. From the terminals, 
sight one or two objects for azimuth marks 
that are unique and easily described. Hub and 
profile the base line in the usual way: 30-ft 
(IO-yd) intervals simplify the calculations. 

Then (1) sequentially set a transit/theo­
dolite over each hub and profile the original 
ground surface at right angles to the base line; 
(2) instruct the rod person to side shot every 
break in the gradient, no matter how slight; 
(3) extend the profile beyond the expected 
limits of the borrow area/pit; (4) after the 
material has been removed and dressed to a 
smooth contour, again hub the base line from 
the terminal points and cross-profile as before; 
(5) the resultant cross sections can be plotted 
if required, or the end areas are to be checked 
by planimetering; and (6) computing end 
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Figure 22-11. Attaching drafting tape to zero point of plotting scale. 

areas by the coordinate method (see Chapter 
9) is recommended, since many more points 
have been sighted and overall accuracy is 
greater. The technique can be used to advan­
tage for monthly estimates, where equipment 
is working the pit and stakes have a very short 
life. 

This is a very cost-effective and accurate 
method. A minimal field staff suffices (the 
rodperson can be unskilled) and all cross files 
are quickly located by the stadia method. Mter 
the rodperson completes a profile, both the 
instrument and rod are moved to the next 
profile where the operator sets up, sights along 
the base line, turns 90°, and signals the rod­
person on to line. He or she then proceeds 

toward the instrument, holding the rod at ran­
dom intervals on every discernable grade break. 
On arrival at the base-line hub, he or she 
assists the operator in measuring the HI, gives 
a check reading on an adjacent base-line hub, 
and proceeds away from the instrument on a 
prolongation of the first profile segment to 
the borrow-pit limit. The instrument and rod 
both move to the next base-line, where the 
process is repeated in the reverse direction. 

The method functions very well for borrow 
pits of any length and up to about 1200 ft in 
width, with differences in elevations of 50 ft or 
more. There is some loss in accuracy on the 
longer sight lengths. If the borrow area/pit 
requires sight lines longer than 600 ft for any 



FIgure 22-12. Plotting side shots. 

significant segment, select two parallel base 
lines so stationed that the resultant cross 
profiles are continuous. The range can 
be increased with improved accuracy if a 
theodolite/EDMI/prism is substituted for the 
stadia method. This cross-profile technique can 
also be employed advantageously in strip-type 
situations, such as roadways in rugged terrain. 

22-37. PLANETABLE USE IN 
CONSTRUCTION WORK 

A new approach employing the planetable and 
contoured models for construction layout of 
earthwork and paving will be discussed. In this 
context, a contoured model simply means the 
contoured plan of a construction site is drawn 
on a conventional planetable sheet or other 
dimensionally stable media to a suitable scale 
and contour interval, instead of preparing a 
three-dimensional architectural model. It must 
be accurately drafted to fit the exact geometry 
of contract drawings. The maximum allowable 
error in all horizontal and vertical positions 
mandated by the project specifications deter-
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mines the model's horizontal scale and con­
tour interval. 

This technique is based on the concept that 
if a portion of the earth's surface can be 
mapped by planetable methods, then the pro­
cess can be reversed. Therefore, the same 
equipment can be used for layout if a suitable 
site model is available. As usual in any layout 
situation, horizontal and vertical control are 
necessary. 

In practice, the planetable is set up and 
oriented in the customary way at a convenient 
location for the layout requirements. Accurate 
correlation is essential between the ground 
features to be constructed and the survey con­
trol system. 

The operator selects points to be set-e.g., 
at the toe of a slope, top of cut, intersection of 
two slopes at a valley or ridge line, and curved 
surfaces below bridge abutments, ditches, etc. 
Distances from the setup station to selected 
points are accurately scaled from the model 
and recorded in the noteform. The alidade 
fiducial edge is placed beside the plotted setup 
station mark and aligned on the chosen point. 
A rodperson is directed along the line; the 
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stadia distance to a trial point is read; then, 
the rod person is guided by hand signals for­
ward or backward to the selected point (a 
tracking-mode instrument is helpful). Mter the 
proper location has been accurately estab­
lished and a hub or lath set, the elevation is 
computed and recorded. The cut or fill is 
lettered on the lath for the contractor's use. 

Some advantages of this technique are as 
follows: 

1. The geometry shown on the contract draw­
ing is checked and by abnormal conditions 
or blunders detected. 

2. The stake-setting process is fast and requires 
only two people. 

3. An operator can see the objects without ab­
stract visualizations. 

4. The procedure can be used regardless of 
traffic conditions or heavy equipment 
around and between members of the layout 
party. 

5. Moderate differences in elevation of about 
50 ft, up or down, are not a deterrent. 

6. Since only certain points are set, it is not 
necessary to stake or replace the project 
survey centerline or base line. 

7. In complex configurations, such as inter­
change ramps or channels relocations, the 
slopes can be readily checked during 
progress of the construction, thus allowing 
the contractor an option to make midcourse 
corrections. 

8. If a site is prone to vandalism or any other 
conditions where stakes may have a rather 
short life, they can be economically reset. 

22-38. CONTOURED MODELS 

Most engineering plans that include construc­
tion elements of paving, earthwork, channel 
relocations, etc are in some respects deficient 
in geometrically defining the surfaces to be 
constructed. For example, a long straight street 
with a constant gradient can be satisfactorily 
manifested by the profile grades and a typical 
section. However, a curved superelevated 
highway with traffic islands and tapered curb 
lanes crossing an intersection, with valley gut-

ters, can be a layout surveyor's nightmare. 
Runway and taxiway intersections, notorious 
for their flat gradients, can be prebuilt with 
the aid of a scale model to detect gradients 
that may be too flat for drainage and bumps 
where crown lines intersect. Street crossing 
having steep gradients that must transition to 
more gentle ones, and cul-de-sacs in steep 
terrain can be checked for the best geometri­
cal development of their warped surfaces. 

The procedure is very simple. Select an 
appropriate scale and contour interval for op­
timal effect on the site under investigation. A 
larger scale and close contour interval permit 
more detail to be drafted. The. elevation of a 
discrete point is readily estimated to one-tenth 
of any contour-interval, and on a scale of 1 
in. = 20 ft, it can be located within a horizon­
tal error of perhaps 0.2 ft. These limits are 
satisfactory for checking paved areas in park­
ing lots, intersections, runways, etc. Earthwork 
ramps in an interchange require a 1-ft interval 
and scale of 1 in. = 50 ft. 

Select the proper media on which to draft 
the grid and plan details. Using basic informa­
tion from the contract drawings, compute co­
ordinates for stations on the project survey 
centerline, base line, or other reference lines; 
also, for the coordinate positions of center 
points on curb returns, bridge abutments, 
drives, valley gutters, storm inlets, etc. Plot all 
the various construction details as they are 
built. Interpolate the contours, scrnpulously 
solving every line. The resulting plan will show 
what the site should look like if built exactly 
according to plan. 

Minor adjustments can be made at this time. 
If something that appears to be a major blun­
der in the contract drawing becomes evident, 
clarification should be sought from the design 
or project engineer. Readily detected are gra­
dients on paved surfaces that are too flat or do 
not bend at intersections, closed contours in­
dicating potential ponding, reversed flow, 
"dry" inlets where storm water will possibly 
run past, bonejarring reverse gradients across 
valley gutters, and manhole elevations that are 
too high. 



23 
Control Surveys 

Carlos Najera 

23-1. INTRODUCTION 

Control surveys provide horizontal and verti­
cal positions of points to which supplementary 
surveys are adjusted. Control surveys provide 
the standard of accuracy for subsequent and 
subordinate surveys to attain. All projects, in­
cluding route surveys, photogrammetry, and 
topographic mapping, are made up of a series 
of vertical and horizontal field surveys. These 
secondary surveys are dependent on control 
for position and relative accuracy. 

23-2. BASIC CONTROL NETWORKS 

The U.S. Department of Commerce is respon­
sible for establishing and maintaining basic 
control networks for the nation. Through its 
office of the National Oceanic and Atmo­
spheric Administration (NOAA), and NOAA's 
subordinate offices of the National Ocean Sur­
vey (NOS) and National Geodetic Survey 
(NGS), horizontal and vertical geodetic con­
trol networks are surveyed, adjusted, and the 
results published. Geodetic surveys are af­
fected by and take into account the curvature 
of the earth, astronomic observations, and 
gravity determinations. 

As part of the control program, the Federal 
Geodetic Control Committee (FGCC) pre­
pared classifications and standards for geo­
detic control surveys. The specifications were 
reviewed, in part, by the American Society of 
Civil Engineers (ASCE), American Congress 
on Surveying and Mapping (ACSM), and the 
American Geophysical Union. In 1974 the 
FGCC published "Classification, Standards of 
Accuracy, and General Specifications of 
Geodetic Control Surveys." To support the 
requirements the FGCC published in 1975, 
"Specifications to Support Classification, Stan­
dards of Accuracy, and General Specifications 
of Geodetic Control Surveys." In 1984 "Stan­
dards and Specifications for Geodetic Control 
Networks was published to replace parts of the 
previous publications. Because requirements 
and methods for acquisition of geodetic con­
trol are changing rapidly, provisions were 
made to provide upon request, updated infor­
mation as it was released. The address to ob­
tain current information or be placed upon a 
mailing list is National Geodetic Information 
Branch, NCG174, NOAA, Rockville MD 20852. 
All Federal agencies, are required to comply 
with the latest standards. I. 2 

Table 23-1 outlines the FGCC general re­
quirements for horizontal and vertical control. 
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The recommended uses range from local con­
trol surveys to the national control network. 
Control surveys used to support the national 
network or for densification of the net must 
be coordinated with the NGS. Special proce­
dures, methods of recording, instrumentation, 
and other requirements must strictly conform 
to them. See the reference section at the end 
of this chapter for a list of publications related 
to geodetic sUlveying. 

23-3. HORIZONTAL CONTROL 
SURVEYS 

The NGS, formerly the U.S. Coast and Geode­
tic Survey (USC and GS), has established a 
high-precision horizontal traverse network 
across the United States. The traverse lines 
run generally north and south, and east and 
west, to form a rectangular grid. The traverses 
consist of extremely precise length, angle, and 
azimuth determinations. The adjusted tra­
verses are used to provide scale for the world­
wide satellite triangulation network and up­
grade the triangulation network established by 
USC and GS. Table 23-2 defines the classifica­
tions and standards of accuracy for traverse. 
The specifications for triangulation and trilat­
eration are given in Tables 11-1 and 12-2, 
respectively. 

The NGS publishes the horizontal control 
data of the geodetic networks. The data sheets 
contain, in part, station description, order of 
accuracy, latitude and longitude, and the state 
plane coordinate values. Data sheets also con­
tain a physical description of the station and 
directions to find it. 

The reference datum for horizontal control 
data has been the Narth American datum of 
1927, referenced to the Clark Spheroid of 
1866. However, the geodetic control networks 
have been readjusted and referenced to a more 
earth-mass-centered ellipsoid. The new datum 
is known as the Narth American Datum of 1983 
(NAD '83). Stations existing prior to imple­
mentation of NAD '83 will have two values: (I) 
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the Nurlh American Datums of 1927 and (2) 
NAD '83. Care should be taken to ensure that 
all control data for a project are on the same 
datum. 

National network geodetic control data are 
widely distributed, without cost, to all federal, 
state, and local government organizations. 
Other users are charged a nominal fee. Con­
tact the NGS for these data and to obtain 
copies of the publications listed in the refer­
ences at the end of this chapter. Also available 
are control diagrams, which are quadrangles, 
usually 10 latitude by 20 longitude, that have 
the horizontal control net superimposed on a 
topographic map. The control diagrams pro­
vide the location, extent of control stations, 
and station names. 

The advantage to using the national geo­
detic control networks is that high standards 
of accuracy are available. Employing state 
plane coordinates greatly facilitates computa­
tions and adjustments. A wide variety of pro­
grams is available for computers, from portable 
hand-helds to large mainframes, to manipulate 
data referenced to state plane coordinates. 

The type of survey required to extend hori­
zontal control depends on a particular project. 
Route surveys may be controlled by traverse; 
large-area mapping by triangulation or trilat­
eration. Factors to consider are (1) the size 
and configuration of the project area, (2) ter­
rain, and (3) degree of accuracy required. 
Accuracy requirements for various projects 
have been outlined by the FGCC. Table 23-3 
offers standards for a variety of projects. 

The American Congress on Surveying and 
Mapping ACSM adopted Technical Standards 
for Property Surveys on June 28, 1964.3 These 
standards require linear measurements to have 
an accuracy of 1 part in 10,000 and angular 
closure of 5" per angle within a closed tra­
verse. This is approximately third-order tra­
verse as defined by FGCC. ACSM also encour­
ages the use of the NGS control networks. 

In 1988, the American Title Association 
(AT A) and ACSM adopted Minimum Standard 
Detail Requirements for Land Title Surveys. 4 These 
minimum standards require closure of 1 part 
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in 10,000 or approximately third-order accu­
racy. The FGCC, as shown in Table 23-2, rec­
ognizes that high land values require higher 
standards of accuracy. 

23-4. RECONNAISSANCE 

Reconnaissance for a control survey begins 
with the research of existing stations. The ba­
sic net is used by not only federal agencies but 
also state, county, and city governments, and 
utility companies. State and local agencies 
should be contacted to determine the extent 
of control in the general project area. County 
surveyors and recorders are the sources for 
mapping based on state plane coordinates. 
Only stations that meet the minimum stand­
ards of the designed project should be consid­
ered for the main scheme. 

Existing control stations should be plotted 
on a map of suitable scale to depict the project 
area and surroundings. For large projects, to­
pographic maps published by the U.S. Geolog­
ical Survey (USGS) in the 7.S-min series make 
excellent base maps for control layout. Mter 
existing control stations and original lines of 
sight are plotted, the purposed control survey 
scheme is plotted in a tentative position. Tri­
angulation or traverse schemes should be laid 
out in nearly perfect geometric configurations. 
In triangulation, the strength of figures is of 
prime importance; in a traverse, the routes 
between controlling stations are more-or-Iess 
straight lines, with the distances between new 
stations about equal in length. 

Reconnaissance in the field begins with re­
covery of existing stations and checking origi­
nal lines of sight. Over the years, trees grow 
and structures are erected, blocking lines of 
sight. 

Recovery of stations that are part of the 
national network can be reported to the NOS. 
"Report on Conditions of Survey Mark," 
NOAA Form 76-91, is used to update the hori­
zontal control data sheets. The report is in 
preaddressed postcard form with prepaid 
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postage and the use of it is encouraged. Per­
mission from landowners should be obtained 
before entering their property, whether recov­
ering existing stations or positioning new sta­
tion sites. Perpetuation of the new stations can 
be enhanced by establishing good relations 
with the landowner. Landowners may also in­
form you of plans for future development that 
may threaten the existence of present or pro­
posed stations. 

Control surveys for a construction project 
must have station sites located outside of the 
proposed construction area. New station sites 
have to be situated to provide clear lines of 
sight to other selected monuments and also 
maintain the desired geometric configuration 
of the control figures. Proposed structures 
should be considered when selecting new sta­
tion sites. 

Final location of the new station site is a 
compromise between clear lines of sight to 
adjoining stations, permanence, strength-of­
figures consideration, and cooperation of the 
landowner. 

23-5. MONUMENTATION 

Monumentation, as prescribed by the FGCC, 
requires that all first- and second-order, class I 
horizontal control stations be monumented 
and described. The monumentation includes 
the station mark, an underground mark (if 
possible), two or more reference marks, and 
an azimuth mark. These specifications also 
apply to second-order, class II stations al­
though temporary points, particularly in tra­
verses, are permitted. Third-order monu­
men ted stations should be placed in protected 
areas and described with sufficient detail so 
that unmistakable recovery can be made in the 
future. It should be emphasized that the con­
tinued value of a control survey is dependent 
on permanence of the station marks. 

Station marks set by the USC and GS or the 
NGS are bronze disks generally set either in 
rock outcroppings or on concrete monuments 
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that will have a subsurface mark. If the origi­
nal mark is destroyed or distributed, the sub­
surface mark may be intact. Disks set in rock 
outcroppings are countersunk and concreted 
in a drill hole. 

Reference marks (RMs) are also bronze disks 
set in concrete, but their markings are differ­
ent, and there is no subsurface monument. 
The RMs are located to form approximately a 
90° angle with the station mark, usually within 
100 ft. Azimuth marks, constructed in the same 
manner as RMs, are located at least ± mi from 
the station. A clear line of sight at tripod 
height is required between the station and 
azimuth mark. 

Detailed methods and specifications for 
FGCC-approved monumentation ate found in 
the usc and GS Manual of Geodetic Triangula­
tion, Special Publication No. 2475, and Specifi­
cations far Horizontal Marks,6 ESSA Technical 
Memorandum C and GSTM-4. 

Not all control survey projects require mon­
umentation to these rigid standards. Surveys of 
lesser standards can have commensurate mon­
umentation. 

23-6. INSTRUMENTATION 

Instruments required for measuring horizon­
tal directions must be of high quality. First­
order instruments are defined as optical­
reading theodolites with micrometer readings 
smaller than 1 sec. The FGCC has recognized 
the Kern DKM-3 and Wild T-3 as representa­
tive of this quality. A second-order instrument 
is an optical-reading theodolite with micro­
meter readings of 1 sec. The Askania A2, Kern 
DKM-2, Wild T-2, and Zeiss Th-2 are examples 

of suitable theodolites for second-order sur­
veys. Good-quality transits and repeating 
theodolites are acceptable for third-order, al­
though they are not recommended. The extra 
effort required to obtain the specified accu­
racy with this type of instrument makes the 
I-sec direction theodolite much more desir­
able. 

In recent years, electronic distance­
measuring instruments (EDMIs) have been im­
proved to provide high accuracy at relatively 
moderate costs. The availability of EDMIs is 
such that if purchase is not possible, rentals 
are an alternative for a project. Their use 
facilitates establishing base lines in triangula­
tion and greatly improves the speed and accu­
racy of trilateration and traverse surveys. 

Three types of EDMIs predominate: (1) 
electro-optical devices that use visible light as 
the carrier wave, (2) those that employ an 
infrared light source, and (3) others that oper­
ate with microwaves. EDMIs using visible light 
and microwaves can measure distances of 100 
km and are generally considered to be long­
range instruments. Infrared equipment may 
have either medium- or short-range measuring 
capabilities. Distances over 10 m can be read 
with some infrared equipment. 

Technology in this field is continually im­
proving and capabilities for each type of EDMI 
may change (see Chapter 5 for a detailed 
discussion of this equipment). 

23-7. LENGTH MEASUREMENTS 

The FGCC-established requirements for length 
measurements on different types of surveys are 
listed in Table 23-4. 

Table 234. Commensurate length measurements for designated surveys. (Letters A to G represent the various 
classes of accuracy described in the narrative portion of the table.) 

Second-Order Third-Order 

First-Order Specifications Specifications 

Type of Survey Specifications Class I Class II Class I Class II 

Base lines A,B B C D E 
Trilateration B C D E F 
Traverse D E F G 



All EDMIs should be serviced regularly, cal­
ibrated at least annually, and checked over 
lines of known distances at shorter intervals. 
Calibration base lines have been established by 
the NGS to test EDMIs; for additional infor­
mation, contact the NGS. Technical memo­
randums NOS NGS-87 and NOS NGS-10,8 also 
provide additional information. 

Horizontal control surveys of high-order ac­
curacy require precise methods of execution. 
Detailed descriptions of rigid procedures to 
measure distances and horizontal directions 
are found elsewhere in this book, along with 
the mathematical requirements for triangula­
tion, trilateration, and traverse. 

Horizontal control surveys, to this point, 
have been discussed only with reference to the 
national control net. Control surveys need not 
be referenced to the NAD '27 or NAD '83: 
They can be referenced to any datum. Some 
local governments have established datums 
that can be used as the basis for high-order 
surveys. Although not recommended for very 
precise work, an assumed datum may be arbi­
trarily established for either horizontal or ver­
tical control. 

The FGCC has defined the accuracies of 
first-, second-, and third-order surveys but do 
not consider those of lower accuracy. In actual 
practice, especially on large construction pro­
jects, control surveys may be on three levels: 
primary, secondary, and auxiliary. By FGCC 
standards, the control could be second-, third-, 
and fourth-order, if a fourth order existed. 
Whether a survey is based on the national 
network geodetic control or an assumed da­
tum, the FGCC standards of accuracy can still 
be used. 

23-8. VERTICAL CONTROL 
SURVEYS 

Vertical control surveys provide elevations of 
reference to a single vertical datum. In the 
United States, the National Geodetic Vertical 
Datum of 1929 (NGVD29) is the reference ver-
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tical datum used by the NOS. Vertical control 
data published by the NGS is referenced to 
NGVD29, formerly the Sea Level Datum of 1929 
(SLD29). The 1929 adjustment of the vertical 
net was made to the mean sea-level elevations 
of 21 tide gages in the United States and five 
in Canada. The NGS is redefining the 1929 
datum; it will be known as the North American 
Vertical Datum of 1988 (NA VD88). 

To understand some of the adjustments re­
quired in geodetic leveling, the relationship of 
gravity and a level surface is defined. 

Sea-level datum is an ellipsoid that approxi­
mates the geoid, earth. 

A level surface is everywhere perpendicular 
to the direction of gravity as defined by the 
plumb line; it is also called an equipotential 
surface, meaning that every point on it has the 
same gravity potential. 

Gravitation is an attraction force exerted 
toward the center of the earth's mass. Centrifu­
gal farce is generated by the earth's rotation 
and exerted perpendicular to the axis of rota­
tion. Centrifugal force increases as altitude 
increases and varies from zero at the poles to a 
maximum at the equator. Gravity is the result­
ant force of gravitation and centrifugal force. 

The variable effect of centrifugal force 
causes level surfaces to be nonparallel (Figure 
23-1). In geodetic leveling, elevations estab­
lished at altitudes other than mean sea level 
will require an orthometric correction to compen­
sate for the nonparallel surfaces. The correc­
tion is applied to level lines running in a 
north-south direction to rectify the northward 
convergence of level surfaces. The computa­
tion can be performed by one of two methods. 

The first method is described in the USC 
and GS Manual of Leveling Computational and 
Adjustment, Special Publication No. 240.9 The 
orthometric correction is computed from three 
variables: (1) measured height, (2) scaled lati­
tude, and (3) a constant factor that assumes 
normal gravity at the given latitude. The for­
mula and tables given in Special Publication 
No. 240 are represented in Figure 23-2. 

The second method differs from the first in 
that gravity is measured at bench marks at 
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level Surface 
at High Altitud 

-o .. 
Ie 
~ 

Level Surface 
at Sea Level 

F.gure 23-1. Gravity G: the result of gravitation g and 
centrifugal force c. 

designated intervals. Gravity anomalies are de­
tected with frequent gravity determinations 
and its effects minimized. The resulting ad­
justed elevations give the true relationship 
(hydrostatic head) between bench marks. 

The USC and GS used the first method in 
the 1929 adjustment. Gravity determinations 
were very time-consuming and expensive. Cur­
rently, the NGS is releveling the national verti­
cal control net and adjusted elevations will 
consider gravity anomalies. Modern gravimeters 
are capable of quick, accurate, and economi­
cal observations. 

The national vertical control network is 
composed of a series of interrelated nets. Basic 
net A is composed of circuits, with an average 
grid size of 100 to 300 km. Basic net B is a 
subdivision of circuits, with an average grid 
size of 50 to 100 km. A densification net with a 

line spacing of 10 to 50 km provides additional 
vertical control points, as required. Table 23-5 
showed specifications for basic vertical control 
nets and other surveys. The classification and 
specifications have been prepared by the 
FGCC. Relative accuracy for each classification 
is shown in Table 23-1. Published vertical con­
trol data are available in the same format and 
from the same source as horizontal control 
data. 

Crustal motion and extraction of subter­
ranean natural resources are known causes of 
vertical bench-mark movement. To keep ele­
vations updated and accurate, the NGS has 
established a program that requires a resurvey 
and readjustment approximately every 15 yr. 
Effort must be made to assure that the most 
current bench lists are being used. 

Reconnaissance for a new vertical control 
line or net begins with the recovery of existing 
bench marks within the project limits. The 
existing bench-mark elevations are required to 
be at least equal to the classification of accu­
racy for the proposed vertical control. Table 
23-6 shows the number of marks to be checked 
for each classification. The NGS or originating 
agency should be contacted if checks are not 
within acceptable units. 

Recovery of bench marks that are part of 
the national vertical control net should be 
reported to the NOS. NOAA Form 76-91, "Re­
port on Condition of Survey Mark," is used to 
update the vertical control data sheets. The 
report is in preaddressed, postcard form with 
prepaid postage. 

The proposed level survey should be tenta­
tively plotted on a map of suitable scale. Exist­
ing vertical control should also be plotted. 
Unless there are extraordinary circumstances, 
the same map for horizontal control should be 
used. In addition, it may be more economical 
to employ new horizontal control monuments 
also as bench marks. Horizontal control is 
limited in position due to line of sight and 
balance of lines, whereas vertical control is not 
so limited. Permission from landowners should 
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Figure 23-2. Nomogram for orthometric correction. (Courtesy of California State Lands Commission.) 

be obtained prior to entering the property, 
whether recovering existing bench marks or 
establishing new ones. Landowner coopera­
tion is very important in perpetuating monu­
ments. 

Generally, NGS marks are bronze disks set 
in bedrock or massive concrete structures, such 
as building foundations or bridge abutments. 
More recently, marks have been put on steel 
rods driven to refusal and capped with a 
bronze disk. Monuments set for vertical con­
trol must be absolutely stable vertically. 

The final location of marks should conform 
to the line spacing and interval selected for 
the project. On construction jobs, monuments 
and marks are so located that they will not be 
destroyed during construction. Stability and 

permanence are key elements for bench 
marks. 

Instruments suitable for high-precision lev­
eling and to fit the various classifications are 
listed in Table 23-6. Metal turning pins should 
be used if possible. When leveling over sandy 
or marshy terrain, wooden stakes with a 
double-headed nail driven into their tops pro­
vide turning points. A turning plate is appro­
priate on concrete or other hard-packed sur­
faces. Asphaltic concrete surfaces should be 
avoided for turning points and instrument 
setups, especially on hot days. 

Vertical control surveys can be accurate to 
the specifications given without reference to 
NGVD29. Cities, counties, and sanitation and 
drainage districts may have other established 
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Table 23-6. Minimum requirements for connections to previous vertical control surveys 

New 
Survey 
Order 

First 

Second 

Third 

Previous 
Survey 
Order 

First 

Check 3 marks. 
Contact originating 
agency after 4. 
Check 2 marks. 
Contact originating 
agency after 3. 
Check 2 marks. 

Second 

Check 2 marks. 
Contact originating 
agency after 3. 
Check 2 marks. 
Contact originating 
agency after 3. 
Check 2 marks. 

Third 

Check 2 marks. 

Check 2 marks. 
Check 2 marks. 

Source: FGCC, (1975) 1980, Specifications to Support Classification, Standards of Accuracy, and General Specifications of Geodetic Control 
Suroeys. Silver Spring, MD (reprint). 

vertical datums. The stated standards of accu­
racy are applicable to any datum. 

23-9. SUMMARY 

Control surveys require superior methods, 
equipment, and execution. High-accuracy re­
sults can only be attained by strict adherence 
to established procedures. 

The surveyor in responsible charge should 
have expertise and experience in control sur­
veys. Many decisions are based on judgement, 
and mistakes are very costly. Personnel as­
signed to high-precision surveys must be con­
scientious, capable, and knowledgeable of task 
and equipment. Properly executed surveys 
provide high-accuracy control and facilitate 
subsequent work. 
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24----
Construction Surveying 

Boyd L. Cardon and Edward G. Zimmerman 

24-1. INTRODUCTION 

Construction surveying operations comprise 
approximately 60% of all surveying work be­
ing performed and should be considered a 
definite specialty of the modern surveyor. 
Three basic objectives of construction survey­
ing are (1) providing layout stakes, located 
both horizontally and vertically, that construc­
tion personnel can utilize in an accurate and 
efficient manner to position structures or 
earthwork projects; (2) ongoing replacement 
of layout stakes as a project progresses toward 
completion, along with periodic checking of 
projects to ensure compliance with design di­
mensions; and (3) providing a map at the 
completion of a project, showing the final 
project location and configuration, incorpo­
rating any changes or modifications in project 
design-an "as-built" map. 

Other than the correct application of basic 
surveying principles and following the objec­
tives stated, no strict procedure governs con­
struction surveying. The type of project, envi­
ronment of the project site, requirements of 
the construction force, and economic realities 
must all be considered before adopting any 
particular procedure for executing a construc­
tion survey. 
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Many construction surveying procedures 
depend on the motivation and resourcefulness 
of an individual surveyor in providing suffi­
cient information to the builder at a minimum 
expense to the client. Discussions in this chap­
ter recognize the fact and are geared to pro­
vide general principles, rather than a special­
ized methodology for various operations. 

24-2. PROJECT CONTROL SURVEYS 

Prior to design and construction of a particu­
lar project, extensive surveying must be per­
formed. Property boundaries of a project site 
must be mapped and monumented for acqui­
sition purposes, and a topographic map of the 
area has to be prepared for visibility studies 
and to aid the engineers in developing project 
designs. The survey network established to 
complete the property and topographic work 
will contain horizontal and vertical control 
monuments that, when supplemented by addi­
tional monuments, can ultimately control the 
construction surveys. Care should be taken by 
surveyors to properly locate these monuments 
for maximum use, not only for initial surveys, 
but through the completion of ensuing con­
struction surveys. 



It is important for a surveyor in charge of a 
project to describe and reference all major 
horizontal control monuments. Methods illus­
trated in Figure 24-1 can be used. To preserve 
vertical control monuments (bench marks), it 
is recommended that an adequate number of 
differential level circuits be run to establish 
supplementary bench marks removed from 
areas of construction and possible displace-

a 

c 
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ment, yet close enough for efficient use by 
construction personnel. 

Throughout the duration of the construc­
tion, all reference monuments and supple­
mental bench marks should be periodically 
checked to detect and correct, if necessary, 
any displacements that may occur. Following 
completion of construction, all control monu­
ments that can be readily replaced should be, 

~ .... -

Distance only 
points 

b 

Explanatory notes: 

• Normal ground conditions: 
Use at least 2- x 2- x 12-in. survey 
stake with tack. 

• Unstable ground conditions: 
Use 2- x 4- x 24-in. stake with 
survey tack. 

• Provide flagged guard stake for 
each reference point set. 

Figure 24-1. Reference staking methods. (a) Line and distance ties. (b) Distances-only ties. (c) Line-only ties. 
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in order to perpetuate the original survey for 
use in future expansion or modification of the 
project. 

Surveyors should brief construction workers 
concerning control monuments and reference 
stakes and obtain their cooperation in preserv­
ing as much of the control system as possible. 
Destruction of monumentation is unavoidable 
sometimes, but close communication between 
builder and surveyor should be maintained to 
minimize loss of control points. 

24-3. GRID NETWORK FOR 
CONSTRUCTION CONTROL 

For most large structural projects, such as 
water treatment facilities or manufacturing 
plants, it is common engineering practice to 
establish a rectangular grid system. Such a 
system can be based on a local coordinate 
system or incorporated in a state plane coordi­
nate system (spes). Establishing a local system 
requires less preliminary surveying, but con­
necting a grid system to the SPCS provides the 
obvious advantage of integrating it with the 
same horizontal reference datum for all sur­
veys in a large area (see Chapter 19). 

The ends of major x and y grid axes 
should be monumented with poured-in-place 
concrete monuments supporting a metal disk. 
Axes intersection monuments of lesser perma­
nence, perhaps 2 X 4 in. stakes, should be set 
at even 50- or 100-ft intervals along each grid 
line. The system should be aligned in cardinal 
directions and, if not assigned SPCS values, be 
given large enough x- and y -coordinates to 
prevent negative values from developing if the 
system is extended to the west or south. 

Any point located on a grid system has a 
mathematical relationship to all other points 
on the system. All major construction features 
of a project will have an assigned coordinate 
value, allowing a particular feature to be lo­
cated from any convenient control monu­
ment, through the inverse calculation process. 
The availability of electronic survey and calcu-

lation equipment makes this type of construc­
tion control highly practical. 

24-4. HORIZONTAL 
CONSTRUCTION LOCATION 

Stakes are set to mark the horizontal locations 
of a structure's key features, such as corners, 
intersections, etc. The initial stakes are tempo­
rary in nature and usually destroyed during 
excavation and rough grading. These stakes 
are controlled by permanent stations previ­
ously set outside the immediate area of con­
struction. The permanent stations, in turn, are 
an extension of original horizontal control 
surveys and should be referenced as described 
in Figure 24-1. 

The location of a structure itself is accom­
plished by setting stakes opposite all important 
points and at sufficient intervals to define 
alignment of the structure's vertical planes. 
The stakes should be located at some conve­
nient even-numbered horizontal distance from 
the actual construction surface (4 ft,6 ft,8 ft). 
The actual offset distance can be determined 
by discussion with the construction force, tak­
ing into consideration the following factors: 
(1) adequate clearance space to prevent de­
struction of stakes during construction opera­
tions and (2) close enough to allow builders to 
make simple measurements, using short rules 
and carpenter levels. 

In the construction of lengthy facilities or 
linear structures such as highways, a survey 
line can be established parallel to and at a 
convenient horizontal offset distance from the 
pavement edge or building face. Stakes can be 
set at intervals to provide convenient measure­
ments for the builders but not so close that 
they cause confusion and waste the surveyor's 
effort. 

Clearly defined and marked stakes, easily 
understood by the builder, are a necessity 
along with adequate guard stakes to provide 
visibility, identification, and protection. The 
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recommended type and size of stakes used for Table 24-1. Recommended Staking Accuracies 
construction purposes are as follows: 

1. Normal ground conditions: 2 X 2 X 8 in. 
wood stakes 

2. Unstable ground conditions: 2 X 4 X 18 in. 
wood stakes 

3. Abnormally hard ground: txt X 4 in. 
wood stakes or large nail or bridge spike 

4. Asphalt pavement: concrete or PK nail 

5. Marker or guard stakes: 1 X 2 X 18 in. wood 
stakes or t X 2 X 48 in. wood lath 

24-5. VERTICAL CONSTRUCTION 
LOCATION 

Horizontal construction planes are located by 
grade stakes-usually the same stakes driven 
for horizontal location. Mter we set a grade 
stake, the elevation of its highest point is de­
termined. The difference in elevation between 
the stake top and construction grade is calcu­
lated and translated into a "cut" (design ele­
vation lower than the stake) or "fill" (design 
elevation higher than the stake). The cut C or 
fill F is marked on the guard stake to guide 
the builder. This difference should also be 
noted in the surveyor's field book for future 
use in replacing destroyed guard stakes or in 
the event of a dispute. 

When conditions may dictate, it is accept­
able to use a line drawn on an adjacent struc­
ture, the top of a curb, or a nail driven into a 
nearby tree or pole to provide a grade refer­
ence. Whatever mark or object is used, it is 
vital to tell the constructor the method of 
setting the horizontal and vertical references 
and the way they are marked. This will not 
only avoid confusion and errors, but also en­
sure that the particular survey system is com­
patible with the builder's needs. 

Mter a surveyor has completed his or her 
layout and marked the stakes, it becomes the 
builder's responsibility to devise measurement 
methods to transfer alignment and grade from 

Horizontal Vertical 
Type of Construction Accuracy Accuracy 

Vegetation clearing ± 1 to 2ft NjA 
Excavationj embankment ±0.1 ft ±0.1 ft 
Pipelines (gravity flow) ±0.1 ft ± 0.01 ft 
Pipelines (pressure flow) ±0.1 ft ± 0.1 ft 
Street or highway ± 0.01 ft ± 0.01 ft 
General structures ±0.01 ft ± 0.01 ft 
Prefabricated steel 
structures: base plates 
pumps, valves, weirs, etc. ±0.005 ft ±0.005 ft 

Note: If inches and fractions are required, use the follow­
ing relationship: 1 in. = 0.08333 ft or 0.1 ft = 1"* in. 
(approx.). 

the surveyor's stakes to the construction plans. 
This operation is generally accomplished by 
using grade-alignment wires or strings, batter 
boards, laser devices, or other suitable means. 
Applications of the methods noted to a partic­
ular type of construction operation will be 
given in appropriate sections of this chapter. 

24-6. PIPELINE CONSTRUCTION 
STAKE OUT 

Pipeline construction can be divided into two 
classifications: (0 gravity-flow lines and (2) 
pressure-flow lines. A gravity-flow pipeline uti­
lizes the force of gravity to move liquids 
through a line on an engineered slope. Thus, 
the pipe grade must be closely controlled dur­
ing layout and construction to maintain design 
elevation and horizontal location. (See Table 
24-1 for recommended staking accuracies.) 

Examples of gravity-flow pipelines include 
surface-water drainage pipes, culverts, sewage, 
and some irrigation systems. In contrast, pres­
sure-flow lines generally depend on a pump to 
provide movement of liquids through the line; 
hence, they can be designed without providing 
constant slopes. Exceptions to this principle 
apply to pressure lines that may be prefabri-
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cated, and construction in locations where cli­
matic conditions require installation of drains 
at low points along the line to prevent freezing 
damage. When accurate pressure-line eleva­
tion is not required, only horizontal location is 
necessary. 

Except for conditions similar to those stated, 
a constructor can usually determine pressure 
pipeline depths from construction plans and 
specifications. For example, residential water 
systems require only enough depth to ade­
quately protect the pipe. This allows the con­
tractor to follow a predetermined depth from 
the existing ground profile. 

24-6-1. Gravity-Line 
Construction Layout 

Principal points, such as manhole locations, 
and the beginnings and ends of curves, are 
established on the ground along the design 
pipeline centerline location. An offset line 
parallel to the pipe centerline, and far enough 
from it to prevent displacement during exca­
vation and construction, is established. A line 
of stakes is placed in the ground at a usual 
interval of 50 ft, where the grade line is con­
stant, and as close together as 10 or 20 ft on a 
vertical-curve grade line. A marker stake is 
placed behind the grade stake (the side of the 
grade stake opposite the pipe centerline). A 
flat side of the marker stake faces the con­
struction and provides a surface to mark "e" 
to the invert or pipe flow-line (Figure 24-2), 
and the grade stake's station location. The 
reverse side of the marker stake is used to 
display the horizontal offset from the pipe 
center. 

If the abnormally hard ground or pavement 
along the offset line precludes driving wooden 
stakes, it is recommended that 20p nails or 
bridge spikes be used in place of stakes. Paint 
marks or a chisel cut can also serve the same 
purpose on concrete surfaces. Mter all stakes 
or marks have been established, the elevations 
of all stations are determined by leveling. The 
elevation for each station is recorded in a field 
book, along with the design elevation of the 

pipe invert and the resulting calculated C. 
A suggested field noteform is shown as 
Figure 24-3. 

Mter the cuts are calculated, they are 
marked at the appropriate space on the guard 
stakes. A copy of the cuts should be made and 
given to the contractor as a reference cut-sheet 
for use if the guard stakes are destroyed dur­
ing excavation. 

Pipeline excavation is usually performed 
with a trenching machine that is guided by a 
horizontal wire or string suspended on the 
stakes set by the contractor. Guidelines are set 
directly over the surveyor's offset stakes, at a 
predetermined elevation above the pipe 
invert. 

For example, in Figure 24-4, the C is 7.36 ft 
to the invert at station 12 + 50. Therefore, the 
guideline is set 2.64 ft above the grade stake, 
resulting in an even 10.00-ft vertical difference 
to the pipe invert. The guideline will be set on 
both the horizontal alignment and vertical 
slope. 

Layout of the guideline is the contractor's 
responsibility. Because the C is to the pipe 
invert, a contractor must also compensate to 
allow sufficient overexcavation space for bed­
ding material in the trench bottom and also 
for the proposed pipe-shell thickness (see Fig­
ure 24-5). 

Mter the excavation is completed, the con­
tractor erects boards across the trench oppo­
site each grade stake. Grade boards are fabri­
cated by driving a 2 X 4 in. upright on each 
side of the trench and nailing a 1 X 6 in. 
board to them. With the surveyor's stake and 
its C, the top edge of the cross or grade board 
is set to an even-foot vertical interval above the 
pipe invert. A nail is driven into the top edge 
of the grade board to mark horizontal align­
ment and a string or wire stretched between 
each alignment nail to provide a checking line 
for pipe installation. Each pipe section is set in 
place and checked by comparison with the 
guideline. A long wooden pole with a right­
angle foot on its bottom end and marked at 
the vertical interval transfers the invert grade 
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Yz-in. X 2-in. X 48-in. 
marker stake (lath) 

"Centerline" 
6.0 ft west 

Figure 24-2. Marking construction stakes for underground work. 

from guideline to pipe invert, as shown in though, to maintain design alignment and 10-
Figure 24-6. cation. 

24-6-2. Pressure Pipelines 

Construction layout for pressure lines does 
not require the same rigid vertical control as 
gravity-flow lines. It may be unnecessary to set 
any cuts at all or perhaps very few, whereby 
existing or proposed underground facilities 
demand a precise vertical location of a pres­
sure line. Horizontal location is important, 

24-6-3. Use of Laser Beams 

A contractor may find it is more efficient to 
use one of the variety of laser-equipped survey 
instruments to replace the guideline / grade­
board method of providing grade and align­
ment. The instrument can be set up at a 
principal control station and sighted on a tar­
get site over the next control point. The laser 
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FJgW'e 24-3. Suggested noteforms for underground construction stak.es. 

beam thus oriented replaces the guideline as 
shown in Figure 24-7. The laser beam is visible 
on the face of a measuring rule intercepting it 
-hence, furnishes a horizontal and vertical 
reference. 

Another specialized laser instrument, shown 
in Figure 24-8, can be placed directly on the 
pipeline invert and aligned along the center­
line and required slope. The laser beam is 
projected onto a target held at the end of 
each pipe section as it is laid, aligning the pipe 
horizontally and vertically. 

A laser instrument can also be used to guide 
a trenching machine by providing an intense 
spot of light on a target attached to its digging 
arm. By observation, the trencher operator 
has a continual guide for maintaining the 
alignment and correct depth of the excava­
tion. 

A electronic laser-sensing unit can be in­
stalled on a trencher to automatically keep it 
aligned. Sensor cells detect variations in the 
light when the machine wanders from the 
grade or alignment, and it actuates servocon-

troIs to restore the trencher to proper align­
ment and grade. 

Although the laser replaces guidelines and 
eliminates much grade setting and checking 
work, this instrument still requires conven­
tional surveying methods for correct position­
ing and alignment. It is emphasized that most 
laser devices are rather limited in application 
and lack the adaptability of a transit or 
theodolite. Application of laser techniques is 
beneficial for large, high-production projects. 

Benefits of using lasers include (1) reduc­
tion of required labor; (2) a more accurate 
guide for line and grade; (3) ease of checking 
ongoing work; and (4) the fact that the ditch 
may be backfilled as soon as the pipe is in­
stalled. 

24-7. BUILDINGS AND STRUCTURES 

An important requirement for a surveyor pro­
viding structural layout is to ensure correct 
location of the structure within the building 



Marker 
stake 

:!ll ..... 
I 

U 

Construction Surmying 585 

... 1----6.0 ft --.--. 
~ Z 2.64ft 

Grade 

Invert 
of ---.. 

pipe 

Figure 24-4. Relationship of grade stakes. guideline. and pipe invert. 

site. The ownership line of a project site must 
be located prior to any construction staking. 
to both provide a base line for layout and 
verify that the proposed building does not 
encroach on adjoining properties. 

24-7 -1. BaHer Boards 
All corners and key positions of the pro­

posed building are located and staked on the 

ground to provide a dimensional check of the 
layout. These points are then referenced by 
constructing batter boards, as shown in Figure 
24-9. A batter board is set approximately 3 to 8 
ft from each end of the intersecting building 
lines. Tops of the cross pieces are set whole 
numbers of feet above or below the main floor 
elevation or some other horizontal plane of 
the proposed building. If possible, all batter 
boards should be set at the same elevation, 
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F.gure 24-5. Cross section of pipe and ditch excavation. 

thereby creating a level line along strings or 
wires stretched between the boards. The lines 
are attached to nails driven into the tops of 
the cross pieces at the intersection of the 
building faces. 

After erection of the batter boards, excava­
tion for the structure's footings or basement 
can begin. Batter boards are protected and 
preserved to provide grade and alignment 
throughout excavation operations and con­
struction of the first floor. It is advisable to set 
points on building lines, at locations removed 

from construction activities, in order to fur­
nish reference directions if a batter board is 
destroyed. 

When the footing or basement excavation is 
completed, additional batter boards can be 
placed inside the excavation or survey stakes 
established by using batter boards set origi­
nally to align footings, floor slabs, and the base 
of exterior walls. Individual locations for fea­
tures such as column footings, interior wall 
corners, and anchor bolts can be marked by 
survey stakes or scratches on the concrete 
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Figure 24-6. Grade board, grade pole, and pipe. 

floor. Grades for such features are provided by 
stakes set to finished elevations of the floor or 
footing. 

Once the footing or floor slab of a building 
has been built and checked, layouts for the 
walls, columns, and structural members are 
located directly on the slab or footing. Forms 
for concrete pours, prefabricated walls, or steel 
members can be aligned directly to the sur­
veyor's marks that provide a direct check of 
the construction grade and alignment. On 
multistoried buildings, as each floor is com­
pleted, the alignment and grade controls are 
transferred up to the next higher floor, main-
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2-in. x 4-in. 
uprights 

taining plumbness and level of the building. 
Controls are transferred by plumb lines, an 
optical-plummet theodolite, vertical laser 
beams, or combinations of these methods. 

24-8. HIGHWAYS AND STREETS 

Staking for a highway construction project is 
usually controlled from survey points remain­
ing in place from earlier topographic and 
right-of-way acquisition surveys. Surveyors pre­
serve the control stakes by placing reference 
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Figure 24-7. Laser beam used as guideline. 

Laser unit mounted 
on trivet in 
flowline of 
pipeline 

Figure 24-8. Use of laser beam inside pipeline. 

Invert 
of 
pipe 

Laser beam parallel 
with horizontal and 
vertical alignment 
of pipe 
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Figure 24-9. Batter board construction. 

points well clear of the construction area, us­
ing the methods shown in Figure 24-1. All 
references should be recorded in a field book 
to provide permanent data for checking and 
replacement of displaced or destroyed control 
stations. 

24-8-1. Clearing Stakes 

The first construction stakes provided for 
the contractor are points marking limits of the 
construction project. These stakes will be used 
to guide clearing of brush and vegetation prior 
to grading and are generally known as "clear­
ing stakes." They are placed at the sidelines of 
a project, usually at 100-ft stations. Wooden 

lath, t X 2 X 48 in., located to the nearest 
foot, are generally used. 

24-8-2. Rough-Cut Stakes 
Mter a construction area has been cleared 

of brush, the contractor needs stakes to guide 
the subgrade or "rough-cut" grading opera­
tions. These stakes are set (1) along the project 
centerline on 50-ft intervals, (2) at the begin­
ning and end of all horizontal or vertical 
curves, and (3) at any other grade or align­
ment transition. The points are located to the 
nearest 0.1 ft only, usually by a 1 X 2 X 18 in. 
stake that serves as both the locator and 
marker. Mter setting, an elevation is taken on 
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Figure 24-10. Suggested noteform for roadway rough cuts. 

the ground beside the point and the C or F 
determined and recorded in a field book (Fig­
ure 24-10). The Cor F is then marked on the 
stake. In rough terrain, it is advisable to set a 
2 X 2 X 4 in. stake in addition to the marker. 
Figure 24-11 shows markings to be made on 
the stake. Centerline marks are generally ade­
quate for rough-cut grading because the con­
tractor will set additional ones as needed to 
show the sidelines of a project. 

24-8-3. Random Control 
Stationing 

In the preceding discussion of highway and 
street staking, it was assumed that the surveyor 
has been using the project centerline (center­
line-offset method) to locate and place con­
struction stakes-i.e., location by construction 
station and offset distance from centerline. 
This method of surveying has definite advan­
tages' such as simplicity of calculation, because 
most angles are right angles, and the ease of 
checking the work. However, there are several 
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disadvantages in using the offset method-e.g., 
most stakes set initially are lost during rough 
grading and have to be reset for final con­
struction. In addition, this method requires a 
lot of time to complete and is more expensive 
than other available choices. 

An alternate layout method that should cer­
tainly be considered is to employ electronic 
survey systems {or total stations of the type 
discussed in Chapter 5 and 6 in combination 
with coordinate geometry, to provide staking 
from a few select control stations. To use this 
method (random control survey), the project 
must be mapped and designed on either the 
applicable SPCS or an assumed local coordi­
nate datum. 

In addition to bearing and distances, 
coordinate-based construction drawings show 
grid values for all major construction features 
and all survey control points. Supplemental 
layout stations may be set, their positions and 
density governed by intervisibility and conve­
nience, along with actual or offset stakes for 
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Figure 24-11. Marking rough-grade stakes. 

construction features. The offset points can be 
placed directly from occupied control stations 
and require no intermediate mark. To provide 
direction and distance data from control sta­
tions to offset points, it is necessary to calcu­
late a coordinate inverse solution (see Chapter 
19). This solution can be made in the field 
using a hand-held electronic calculator, but 
for an average-size construction project requir­
ing hundreds of points to be located, most of 
the surveyor's time would be spent calculating 
rather than construction staking. 

Virtually all surveying firms should have 
computer equipment that accepts given data, 
addressing the points to be staked, printout 
listings of the control stations occupied, and 
the azimuths and distances to the required 
layout points. For grade stakes, a vertical 
angle, slope distance, and elevation can also 

be calculated. An entire project may be com­
puted and printed out on data sheets and 
given to the surveyor for his or her layout 
work. 

In staking operations, a control station is 
occupied, the total station oriented to a pre­
selected backsight, and the required angle and 
distance set in the instrument to layout a 
selected stake. It is possible to set a large 
percentage of the construction stakes for a 
project from a single random control point. As 
a check on calculations and field work, it is 
advisable to verify the location of a few stakes 
from a different random control point or 
measure between a few set construction stakes. 
It is recommended that a total station or at 
least a theodolite equipped with an EDMI unit 
be used for this type of project. However, a 
transit-tape survey can be adapted to random 
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control work, if allowances are made for the 
lesser accuracy of transits and inconvenience 
of direct taping. 

24-9. SLOPE STAKES 

Slope stakes are driven to define cut and fill 
areas in the construction of highways, rail­
roads, canals, dams, and other projects requir­
ing earth movement. Volumes of excavation 
and fill, waste and/or borrow, can then be 
computed to aid in estimating construction 
cost and time. 

24-9-1. Slope-Stake Definitions 

Basic terms in slope staking are defined and 
illustrated in Figures 24-12 and 24-13. 

Slope. The inclined surface of an excavation or 
embankment. 

Slide slope. The slope of the sides of a canal, dam, 
or embankment; custom has sanctioned naming 
the horizontal distance first as l.5 to 1 (or fre­
quently 1 t : 1), meaning a horizontal distance of 
1 t to 1 ft vertical. A better form not subject to 
misinterpretation by thoughtless transposition is 
Ion l.5. 

Slope intercepts. Intersection of the original ground 
and each side slope. 
Slope stakes. Stakes set at slope intercepts. They 
are usually offset a distance of 5 to lOft to be 
safe during construction and marked as shown 
in Figure 24-12. 

Slope-stake accuracy. Standards acceptable for set­
ting slope stakes (see Table 24-2). 

Clearing-line stakes. Stakes or lath that mark con­
struction area limits. 

Grade. The slope of a road surface with a vertical 
rise or fall expressed as a percentage of the 
horizontal distance-e.g., a 3% upgrade means 
a rise of 3 ft per 100 ft of horizontal distance. 

Grade points. Points that have the same ground 
and grade elevations-i.e., there is no cut or fill. 

Grade stakes. Stakes set at grade points. Three 
transition sections occur when going from all cut 
to all fill. Three grade stakes must be located as 
in Figure 24-12. They are marked C O.O/a, C 
0.0/0.0, and F O.O/h, where a and b are one-half 
the roadway widths in cut and fill, which may 

differ. A line connecting the three grade stakes 
marks the change from cut to fill. Grade stakes 
may also mark a desired elevation or grade and 
are called blue tops or red tops. 

Grade rod. The vertical distance from instrument 
HI to the finished grade. It is positive if the HI is 
above the ground surface and subgrade (finished 
grade), and negative if the HI is below the pro­
posed roadbed or dike. 

Ground rod. The vertical distance from the in­
strument HI to the existing ground surface. 

Reference stake. Stake set at a distance and differ­
ence in elevation from a slope stake, to provide 
the information needed if the slope stake is 
destroyed. 

24-9-2. Slope-Staking Cuts and 
Fills 

Two basic methods will be discussed here: 
(1) when a computer printout with road width, 
centerline, and side-slope data is given (see 
Tables 24-3 and 24-4) and (2) when profile 
levels have not been run, so cuts and fills must 
be computed from station to station. 

The equipment needed is a leveling instru­
ment (hand level, Abney level, automatic level, 
engineers' level, Rhodes arc, or theodolite); a 
100- or 50-ft cloth tape or EDMI; level rod, 
right-angle prims, marking crayon, stakes and 
bag, hammer, notebook, and 4H pencil. A 
minimum of two people is needed. A four­
person crew works well by assigning one each 
as notekeeper, rodperson, instrumentperson, 
and stake driver. The steps utilized in setting 
slope stakes for the two methods will be listed. 

METHOD 1. A computer printout gives the 
data for centerline and slope intercepts from 
precalculated cross-section information. Steps 
to be taken in slope staking, in sequence, are 
listed below: 

1. Visually inspect ground profile from station 
to station to check for congruency with the 
computer printout. Gross errors found in 
the centerline profile must be checked and 
corrected. 

2. Mark centerline stake with cut or fill on one 
side, the station on the other, and drive it on 
centerline. 
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Figure 24-12. Typical road diagram with types of road cross sections. 

3. At right angles to the centerline, the rodper­
son goes out a distance called for on the 
computer printout for left- and right-hand 
slope stakes. With a level, the difference in 
ground elevation between the trial point and 
centerline is read. From the computer print-

out, mentally calculate the difference in ele­
vation between centerline and left-hand 
slope stake and the centerline and right-hand 
slope stake. If differences in ground eleva­
tions and computer elevations are within 
desired accuracy, mark cut or fill with the 
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distance from centerline and side slope on 
the stake front facing the centerline. Drive 
stake aslant so equipment operators can read 
the data from construction machinery. Ref­
erence stakes are marked and set at the 

required distance, usually 5 to 10 ft. Record 
all information for the centerline and side­
slope stakes in a notebook. 

Table 24-2. Slope-Stake Accuracy 

Allowable deviation of 
slope-stake line 
projection from a 
true perpendicular 
to tangents and a 
true bisector of 
angle point. 

Horizontal and vertical 
accuracy for slope­
stake references and 
clearing limits. Use 
larger value for all 
slope stakes, dearing 
limits, and reference 
stakes. 

A 

0.2' 
or 
0.5% 

B 

0.2' 
or 
1% 

C 

2° 

0.2' 
or 
1% 

4. If computer printout is in error at centerline 
or left or right slope stakes, use method 2. 

Survey Class 

D 

3° 

0.2' 
or 
1.5% 

E 

3° 

0.2' 
or 
1.5% 

F 

0.3' 
or 
2% 

G 

4° 

004' 
or 
3% 
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Table 24-3. U.S. Forest Service Siope-Stake Computer Printout 

Bear Gulch Spur 3 

LT Slope Template 

2.00:1 
Station 

416 + 50 

14.0 

Ground elevation 5288.74 
Grade elevation 5301.53 

o 

Left 
( -16.0/46.0) 

Slope Stakes 
-12.8 

LT Slope Template 

1.00: 1 
Station 

425 + 00 

14.0 

Ground elevation 5216.59 
Grade elevation 5214.49 

o 

Left 
(4.3/28.3) 

Slope Stakes 
2.1 

METHOD 2. Profile levels have not been 
run, so cuts and fills must be computed at 
each station, and the centerline elevation must 
be carried from station to station. Sequenced 
steps in slope staking are given in the follow­
ing description: 

1. At centerline, compute the difference be­
tween ground-surface and grade elevations. 

14.0 

Right 
( -15.3/37.0) 

14.0 

Right 
(1.0/15.0) 

RT Slope 

1.5:1 

RT Slope 

1.00: 1 

Mark the cut or fill on one side of the 
stake, the station on the other, and drive 
it on centerline. 

2. The left-side slope stake is set by trial and 
error. Estimate the difference in elevation 
between the center stake and left trial point. 

3. Mentally calculate the distance out to the 
slope stake. For beginners, the formula d = 

tb + s (cut or fill), where d is the horizon-

Table 24-4. Federal Highway Administration Slope-Staking Computer Printout 

RP/SS RP/SS 
403 + 50.00 RP Diff. SS SS Diff. RP 

5289.8 -0.1 5289.6 5321.2 -9.6 5330.9 
-22.9 -3.8 -23.1 9.0 15.2 18.7 

63.4 67.2 32.0 47.2 
Grade 5313.71 

Surf 0.58 
VC Corr. 0.00 
Cl Corr. 0.00 

Elev. 5321.46 312.7 312.8 5313.1 5312.8 5312.7 5312.2 
GLFR 5313.13 -0.4 -0.3 0.0 -0.3 -0.4 -0.9 
CLRod 8.33 21.0 14.0 0.0 14.0 21.0 23.0 
PROff 0.0 HP GP SH HP 
Gradient -0.007 
Slope LT -2.0 
Slope RT 1.0 

RP = reference point 
HP = hinge point 
SS = slope stake 
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tal distance from centerline; b is the road 
width or template; and s, the side slope, 
may be useful in locating the trial point. 

4. Measure out this distance perpendicularly 
from the centerline. 

5. Read rod with level at this point and calcu­
late the difference in the grade rod and 
ground rod. 

6. Mentally compute the actual distance from 
the centerline that the rodperson should 
be. 

7. Compute the difference between the actual 
and estimated distances. 

8. Differences of a few tenths are usually ac­
ceptable (0.1 to 0.3 ft). On steep hillsides 
and rough terrain, more is allowed. Mark 
the cut or fill with distance from centerline 
and side slope on one side and station on 
reverse side of stake. Drive the stake aslant 
so that the cut or fill data face the center­
line, allowing heavy-equipment operators to 
read data from construction machinery. Set 
reference stakes are required and record 
information in notebook. 

9. If the distance has been missed badly, a 
new trial point is selected by moving in or 
out using a more exact estimate, and an­
other reading is taken. Repeat the process 
until accuracy standards are met. On steip 
slide slopes, make small corrections in or 
out. 

10. The right-side slope stake is set by the same 
trial-and-error procedure. The rodperson 
lines up with centerline and left-hand slope 
stake. When the slope-stake position is 
found, the stake is marked, referenced, and 
recorded. 

Example 24-1. Use the trial distances for the 
left- and right-hand slope stakes given in 
the computer printout in Table 24-3 to set 
slope stakes for station 416 + 50. 

I. Mark the centerline stake with F ] 2.8 on 
one side and 416 + 50 on the other. Drive 
it into the ground with fill facing beginning 
of project. 

2. The rodperson goes 37.0 ft to the right, 
perpendicular to the centerline. With a level, 
check the ground elevation between the 

centerline and trial point-perhaps 2.4 ft. 
Difference in computer elevations is - 12.8 
- - 15.3 = 2.5, close enough. 

3. Mark the slope stake and drive it aslant with 
data facing the centerline. 

4. For the left slope stake, the rodperson goes 
46.0 ft from the centerline for trial point 
and aligns with the center and right-hand 
slope stakes. Read ground elevation differ­
ence between the centerline and trial point 
with a level-perhaps 3.0. Printout calls for 
3.2 ( -12.8 - - 16.0), which is good 
enough. Mark and drive the slope stake 
aslant facing the centerline. 

5. Set reference stakes and record the data in 
a notebook. 

6. If the difference is badly missed, use method 
2 to set the stakes. 

Example 24-2. Use Table 24-3 to set slope stakes 
for station 403 + 50. 

1. Mark C 8.3 on one side and station on the 
other side of the centerline stake and drive 
it into the ground with fill Jiata facing de­
creasing stations. 

2. The rodperson goes 15.2 ft toward the cen­
terline for the right-side reference-point (RP) 
stake and lines in with the left-hand RP. 
Difference in ground elevation of RP and 
rodperson should be 9.6 ft. 

3. Check to see if the difference meets stan­
dards; if not, use method 2. 

4. Mark C 9.0/32.0, 1: 1 on the stake and 
drive it aslant into the ground, facing the 
centerline. 

5. The rodperson goes 3.8 ft away from the 
centerline for the left RP stake in line with 
the right RP stake. Difference between 
ground elevation of the left RP and rodper­
son should be 0.1 ft. 

6. Check the difference for accuracy and use 
method 2 if adjustments are needed. 

7. Write F 23.1/67.2, 2: 1 on one side of the 
stake and station 403 + 50 on the other; 
drive the stake aslant into ground, facing the 
centerline. 

8. Record the information in a field book. 



Example 24-3. Use method 2 in Figure 24-14, 

to set the centerline and slope stakes at 

station 1 + 00 in building a dike or em­
bankment. 

1. Difference between the ground rod and 
grade rod at the centerline is 29.4 ft. Mark 
F 29.4 on one side of the stake and station 
on the other side and drive it in. 

2. Estimate the difference in elevation be­
tween the center stake and left-hand trial 
point. Suppose that the ground rises from 
the centerline 1.1 ft in about 60 ft. Differ­
ence between the left trial point and cen­
terline grade is 28.3 ft. 

3. Mentally calculate the distance out to the 
slope stake, 10 + 2(28.3) = 66.6 ft, since 
the side slope is 2: 1 and road width 20 ft. 

4. The rodperson goes out 66.6 ft, perpendic­
ular from the centerline. 

5. Read the rod with the level and get fill 
from the grade minus ground rod-per­
haps - 21 - 7.3 = - 28.3. 

6. Actual distance from the centerline should 
be 10 + 2(28.4) = 66.8 ft, close enough. 
Mark and reference the stake and drive it 
in aslant. 

7. For the right slope stake, suppose that the 
ground rises about 4 ft in 60 ft. Difference 

, 
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between the right trial point and centerline 
grade is 25.4 ft. 

8. Mentally calculate the distance out to the 
slope stake, 10 + 2(25.4) = 60.8 ft. 

9. The rod person goes out 60.8 ft, perpendic­
ular from the centerline to the right. 

10. Read the rod with the level and get fill 
from the grade rod minus ground 
rod-perhaps - 21 - 4.1 = - 25.1. 

11. Actual distance from the centerline should 
be 10 + 2(25.1) = 60.2. If the ground is 
level, move in 0.7 ft, mark, reference, and 
drive in the stake. Otherwise, make a better 
estimate, compute a new distance, and take 
a reading to repeat the trial-and-error pro­
cedure until the difference between actual 
and estimated distances is acceptable. 

Example 244. Use method 2 in Figure 24-15 to 
set the centerline and slope stakes for a 
cross section in cut. Assume a level roadway 
of 20-ft width for ideal conditions, with no 
ditches. 

1. The grade rod and ground rod difference 
at the centerline is 11.2 ft. Mark C 11.2 on 
the stake with the station on the opposite 
side and drive it. 

2. For the left trial point, estimate the differ­
ence between the center stake and trial 

1- 21.0 grade rod 

___________ ' 1 __________ _ 

F 
28.3 

66.6 
2:1 

8.4 ground rod 

Figure 24-14. Cross section (embankment) at station 1 + 00. 

F 
25.5 

61.0 
2:1 
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Figure 24-15. Slope stakes for cross section in cut. 

point. In about 20 ft, the ground elevation 
drops 1 ft. The elevation difference be­
tween the trial point and centerline grade 
is 10.2 ft. 

3. Mentally calculate the distance out to the 
slope stake, 10 + 1(10.2) = 20.2 ft, since 
the side slope is 1 : 1 and one-half the road 
width is 10. 

4. The rodperson goes out 20.2 ft, perpendic­
ular from the centerline to the left. 

5. With the level, read the rod to get a cut by 
subtracting ground rod from grade 
rod-perhaps 16.3 - 5.6 = 10.7. 

6. Actual distance from the centerline should 
be 10 + 1(10.7) = 20.7 ft, not close enough. 
Always move toward the actual distance for 
a new trial point. 

7. Estimate a new trial point. Suppose that the 
ground drops 0.2 ft in 0.5 ft. The rodper­
son holds 20.7 ft from the centerline. 

8. Take a new reading with a level, say 5.8, to 
get a cut of 10.506.3 - 5.8). 

9. Repeat the calculation of actual distance 
from the centerline 10 + 1{10.5) = 20.5 ft, 
close enough. Mark, reference, and drive 
the stake. 

10. The right trial point is found by estimating 

C 
13.1 

J 29.6 
! 
1 I 
~ 

the difference between its elevation and 
centerline, say, a 2-ft difference in 30 ft out, 
so the elevation difference between center­
line grade and trial point is 13.2. 

11. Mentally compute the distance out to the 
slope-stake, 10 + 3/2(13.2) = 29.8 ft, since 
the side slope is 1 t : 1 and one-half the 
road width is 10. 

12. The rodperson holds rod 29.8 ft out, per­
pendicular from the centerline. 

13. With a level, read the rod and get cut from 
the grade rod minus the ground rod-per­
haps 16.3 - 3.2 = 13.1. 

14. Actual distance from the centerline should 
be 10 + 3/2(13.1) = 29.6 ft, close enough 
to the estimated figure. Mark, reference, 
and drive in the stake. 

15. Record this information in a notebook. 

24-9-3. Slope-Staking Culverts 

Culvert lengths are adjusted to fit on-the­
ground conditions with a minimum flow grade 
of 2%. Inlets and outlets are carefully placed 
to avoid erosion and clogging. Pipe diameters 
are determined by a small area nomograph or 



approximation. A minimum of a I-ft cover at 
subgrade is required. Consult the project engi­
neer for exceptions in the standards. Method 
1 is used to set culverts when fills are at each 
slope stake; method 2 is employed when cuts 
are at each slope stake. 

METHOD 1. 

1. By the trial-and-error procedure or com­
puter printout, set the left- and right-hand 
slope stakes. 

2. With a level, determine the difference in 
elevation between the left and right slope 
stakes. 

3. Compute flow grade by dividing the eleva­
tion difference by the horizontal distance 
between slope stakes. Check to see if the 
minimum is met; find the length of pipe by 
measurement or the Pythagorean theorem. 

4. Compute the subgrade cover by subtracting 
the culvert diameter from fill at the center­
line. 

5. Multiply flow grade by one-half the road 
width. Subtract this quantity from the sub­
grade cover; the value should be 1 ft or 
more. 

6. Mark C 0.0 to the invert, diameter, and 
length of pipe, and station on the stakes and 
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drive them aslant at the two ends of the 
culvert. 

7. Reference both ends and record informa­
tion in a notebook. 

8. Catch basins should be staked as required. 

METHOD 2. For simplicity, this method as­
sumes academic conditions of a level roadway. 

1. Calculate the distance from the centerline to 
each end of the culvert by multiplying the 
shoulder side slope by the pipe diameter + 1 
ft of cover at the road edge and adding this 
to one-half the road width. 

2. Add the width of the flat-bottom ditch to the 
distance obtained in step 1. 

3. Rodperson goes out the required distance in 
step 2 from the centerline. 

4. Compute the cut at this point by adding the 
centerline cut, diameter of the pipe, feet of 
cover at roadway edge, and elevation change 
from centerline. 

5. Treat the rodperson's position in step 3 as 
the centerline. Use cut data from step 4 and 
by trial-and-error methods set the slope 
stakes for the left- and right-hand sides. 

6. Mark the stake with cut, culvert size, and 
catch-basin dimensions. 

7. Record this data in a notebook. 

11------ 27.0 ft --------+.1-. ---16.0 ft----.I 
2.0 ft I 

18 x30" 
CMP 

C 
5.0 

27.0 
2:1 --

T-------
3.0 ft grade rod 

1 
3.0 

"--~~-"""---Ilt 1.0 min I 

~-J..JjII~ - -'-"':----t - - - - - - ........ ..-_1' 4.0 

Catch basin 

--- -----I ~~-~~~~~.J 

I 

~ ~ 
4.0 

16.0 
2;1 

Figure 24-16. Typical culvert staking. 
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Example 24-5. Stake the culvert in Figure 24-16. 

1. Set the right-hand slope stake by trial and 
error. 

2. Mark state F 4.0/16.02: 1 slope. 

3. Calculate the distance to the left-hand cul­
vert end-perhaps 8 + 2(2.5) = 13.0 ft, 
since the shoulder side slope is 2 : 1 and pipe 
diameter plus 1 ft of cover 2.5 ft. 

4. The rodperson goes 17.0 ft left from the 
centerline so as to include 4.0 ft of the catch 
basin (flat-bottom ditch). 

5. Compute the cut at this point by adding the 
cut at centerline (0.0), diameter of pipe (1.5 
ft), cover at roadway edge (1.0 ft), and eleva­
tion change from centerline (2.5 ft) to get 
5.0 ft. 

6. Treat the rodperson's position as if at cen­
terline. Use trial and error to set the left 
slope stake. 

7. Mark on stake 18" X ~O' CMP, C 5.0/27.0 
2: 1 slope. 

8. Check flow grade-in this case, 1.5/30 = 

5%, which is good. 

9. Set the reference stakes and record all data 
in a notebook. 

24-10. EARTHWORK DEFINITIONS 

Measurement of volumes of earth, rock, con­
crete, stockpiles of material, and capacities of 
reservoirs, bins, and tanks is often required. 
These volumes are found by measuring lines 
and areas that have a relationship to the de­
sired volume. Indirect methods are employed 
rather than direct methods. Volumes are ap­
proximated by utilizing pyramids, prisms, or 
prismoids. Three major methods are applied: 
(1) the cross-section method, (2) borrow-pit 
method, and (3) contour-area method. 

Earthwork measurements are obtained by 
field surveys, topographic maps, and pho­
togrammetry. Normally, cuts and fills are bal­
anced (except for embankments, dams, high­
ways on low ground, etc.) to minimize the cost. 
On large projects, the analysis of quantities of 
earth movement is done by mass diagrams. 

They are plotted with stations as abscissas ver­
sus volume as ordinates (see books on route 
surveying for more details). 

The following is a list of basic terms and 
definitions: 

BllTTow. Quantity of earth, rock, or other fill 
material brought in from outside sources. 

Waste. Quantity of earth, rock, or material hauled 
away from a construction site. 

Haul. Distance over which material is moved or 
the product of volume and distance it is moved. 

Free-haul. Distance the contractor will move a 
cubic unit of excavated material and place it in 
fill without added cost. 

Cross-section. A vertical section of the ground 
surface or underlying strata, or both, measured 
at right angles to the centerline or across a 
stream. Also, a horizontal grid system laid out on 
the ground for determining contours, quantities, 
or earthwork, etc. by means of grid-point eleva­
tions. Several types of cross sections are illus­
trated in Figure 22-12: 0) an irregular section 
(area labeled a) used in rough topography; (2) a 
level section (area labeled b) used in flat terrain; 
(3) a side-hill section (area labeled c) used in 
passing from cut to fill or on side-hill locations; 
(4) a three-level section (area labeled d) used where 
ordinary ground conditions exist; and (5) a 
foe-kuel section (area labeled e) used in rough 
terrain. 

24-10-1. Cross-Section Method 

This method is employed for computing 
volumes on linear construction projects such 
as canals, highways, and railroads. Ground 
profiles are secured at right angles to the 
centerline of a project at specified intervals or 
stations by field methods, photogrammetry, or 
topographic maps. A design template (outlines 
of planned embankment or excavation) can be 
superimposed on the plot of each cross sec­
tion to obtain the area of excavation or em­
bankment. These are called end areas and can 
be determined by computation or planimeter­
ing. Volumes are calculated by the average­
end-area, prismoidal, or pyramid formula. 



24-10-2. Average-End-Area 
Formula 

For most earthwork, the solid between two 
cross sections can be considered a prism whose 
right cross-sectional area is the average of the 
two end areas. The volume for two sections 
with areas Al and A2 separated by a horizon­
tal distance L (Figure 24-17) is 
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Example 24~. Compute the volume of excava­
tion between station 2 + 00 with an end 
area of 567 sq ft, and station 2 + 50 with an 
end area of 392 sq ft. 

By Equation (24-1), 

VAEA = 
567 + 392 

2 

50 
X 27 = 890ellyd 

(24-0 Example 24-7. Compute the volume of a pyra­
mid having L = 100 and a base area A = 
478 sq ft. 

The exact volume of the prism is given 
when Al = A 2• Equation (24-1) is approxi­
mate and gives answers that are generally 
slightly larger than the true prismoidal vol­
ume. In practice, it is used because of its sim­
plicity-and the contractor is happy since 
generally a little extra payment results. To 
increase accuracy, cross sections must be taken 
closer together. Computation of earthwork 
quantities by this method was speeded up by 
using a nomogram before the advent of calcu­
lators and computers. In general, average­
end-area volumes are satisfactory and legal for 
most volume calculations unless noted other­
WIse. 

For a pyramid (see Figure 24-18), 

AL 
A 2 = 0 and V = 3 X 27 ell yd (24-2) 

V= 
(478)(100) 

3 X 27 
= 590 ell yd 

24-10-3. Prismoidal Formula 
A prismoid (Figure 24-19) is a solid bounded 

by planes whose end faces are parallel and 
have the same number of sides. Most earth­
work volumes are prismoids, but relatively few 
of them warrant the precision of this formula. 
It usually gives a volume smaller than the 
average-end-area formula but is inconvenient 
to use. The prismoidal formula, a result of 
Simpson's rule from calculus, is given by the 
following: 

L(A\ + 4A .. + A 2 ) 

v" = 7 ell yd (24-3) ,. 6X2 

F.gure 24-17. Volume by averag~nd-area 
method. 
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Figure 24-18. Volume of pyramid. 

where L is the horizontal distance between Al 
and A 2' A I and A 2 are the end areas, and 
Am is the area of the plane section midway 
between A I and A 2' The formula can be used 
for figures whose bounding surfaces are 
warped and continuous. Note that Am =1= 

(AI + A 2)/2. 
To use the formula, Am must be found. If 

the coordinates of the end faces A I and A 2 

are known, the coordinates of Am are found IJy 
averaging corresponding coordinates of the two end 
faces. Am can be computed by the coordinate 
method; otherwise, field methods are required 
for find Am' 

In concrete work and rock excavation, the 
precision and labor of the prismoidal formula 
are justified. 

7 
L 

Example 24-8. Use the prismoidal formula to 
find the volume of earthwork between sta­
tions 5 + 00 and 6 + 00 with end areas 231 
and 152 sq ft and Am = 189 sq ft. 

100[231 + 4(189) + 152] 
Vp = ---6-X-2-7--- = 703 cu yd 

Prismoidal volumes can be obtained by ap­
plying corrections to the average-end-area vol­
ume. Tables and formulas for these correc­
tions are found in most route surveying books. 
One such correction formula, accurate for 
three-level sections and close enough for most 

Figure 24-19. Volume of prismoid. 

~~'{~~\I ~WJjm[~ 
~/-l ~~ 



others, is 

where Cp = VAEA - ltf" cI and c2 are center­
line heights in cut or fill, and WI and w2 are 
distances between outer slope stakes (from 
slope intercept to slope intercept), and L is 
the horizontal distance between cross sections. 
Thus, an alternate way of finding Vp is 

(24-5) 

For projects requiring only a few cross sec­
tions, routine manual computations can be 
reduced by using either the average-end-area 
formula or prismoidal formula. For large proj­
ects, computers and programmable calculators 
are used to determine quantities. In open ter­
rain free of obstructions, photogrammetric 
methods will generate earthwork data (see 
photogrammetry books for more details). 

Example 24-9. The three-level cross-section 
notes for two stations 50 ft apart in Table 
24-5, are plotted in Figure 24-20. The road 
base is 30 ft wide and side slopes are 2: 1. 
Use the average-end-area formula to find 
the volume between stations. 

Figure 24-20 has the origin for cuts at the 
centerline and coordinates assigned in the 

Table 24-5. Three-Level Cross-Section Notes for 
30-ft-Wide Road with 2: I Slide Slopes 

Left Right 
Station Slope Stake % Slope Stake 

6 + 50 CS.O C7.0 C3.0 

31.0 21.0 
7 + 00 CIO.O C8.0 C6.0 

35.0 27.0 
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conventional manner. The numerator is a ver­
tical distance above the centerline. The de­
nominator is horizontal distance from the cen­
terline. By the coordinate method and matrix 
system, areas Al and A2 are computed. Areas 
are positive, so ignore the algebraic sign. Start 
by listing Y- and X-coordinates of each corner 
in columns in succession as the figure is tra­
versed counterclockwise, with the coordinates 
of the starting point repeated as the last col­
umn. In matrix format, to find the area: (1) 
Add the product of the diagonals from left to 
right; (2) add the product of the diagonals 
from right to left; and (3) take one-half the 
difference of (1) and (2). 

0037800 

Aj=t XXXX X X 
o 15 21 0 - 31 -15 0 

= H7( -31) + 8( -15) - 3(15) - 7(21)] 

= 264 sq ft (note that the matrix has 

two rows and seven columns) 

o 0 6 8 10 0 0 

A 2 =t XXXX X X 
o 15 27 0 - 35 - 15 0 

= 368 sq ft 

Then 

AI +A2 L 
VAEA = X - = 

2 27 

264 + 368 

2 

50 
X-

27 

= 585 cu yd by Equation (24-1) 

Example 24-10. Again using Table 24-5 and 
Figure 24-20, find the volume by the pris-
moidal formula. 

In Figure 24-20, the coordinates of A mare 
found by averaging the respective end-area 
coordinates. The far-left coordinate of A m is 
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-IS 
-.Q.. 
o IS 

Sta. 7 +00 
6.0 

27.0 

Station 6 + SO 

F'JgUre 24-20. Mass diagram for three-level cross section using prismoidal formula. 

~(IO + 8) = ~ for the numerator and ~(- 35 Example .24-11. As an alternate method and 
+ - 31) = - 33 for the denominator. Other eheek on Vp' use Equation (24-5) for Table 
coordinates are found in a similar manner. 24-5 and Figure 24-20. 
The area of A m by coordinates is 

o 0 4.5 7.5 9 0 0 

Am=t XX X X X X 
o 15 24 0 -33 -15 0 

= 315 sq ft 

Substituting in Equation (24-3) yields 

50[264 + 4(315) + 368] 
-------- = 584 ell yd 

6 X 27 

Note that Vp is smaller than VAEA• 

By Equation (24-4), compute Cp using Table 
24-5, CI = 8.0, C2 = 7.0, WI = 62, w2 = 52, and 
L = 50, where units are in feet. 

L 
Cp = 7 (c1 - C2)(WI - W2) 

12 X 2 

50 
12 X 27 (8 - 7)(62 - 52) = 2 ell yd 

Substituting Cp and VAEA (from Example 24-9) 
in Equation (24-5), we obtain 

Vp = VAEA - Cp = 585 - 2 = 583 ell yd 

In practice, the average-end-area formula is 
adequate for most volume calculations. If high 



preclSlon is needed, the prismoidal formula 
should be used. 

24-10-4. Borrow-Pit Method 
Quantities of material excavated or filled 

on a construction project and the number of 
cubic yards of loose material such as gravel, 
coal, etc. in stockpiles can be found by bor­
row-pit leveling. The area to be measured is 
staked in squares of 10, 20, 25, 50, or more 
feet, with the choice depending on the accu­
racy desired and size of the project area. Lay­
out may be done by using a transit and/or 
tape. Outside the construction site, a bench 
mark of assumed or known elevation is estab­
lished and preseIYed. In addition, the grid of 
squares should be referenced to points outside 
the construction area. Elevations are deter­
mined by sighting on all corners of the squares 
(grid points) before and after construction. 
The volume of a rectangular prism is the base 
area times the average of corner heights. Total 
volume is found by adding all rectangular 
prism volumes using the formula 

A 
V= --(Ih l + 2Ih2 + 3Ih3 + 4Ih 4 )euyd 

4 X 27 
(24-6) 

where hI' h2' h3' and h4 are corner heights 
common to exactly one, two, three, or four 
squares, respectively, and A is the area of one 
square. 

Marginal areas may be best approximated 
by triangles. The truncated triangular prism 
volume is found by the following formula: 

where A is the area of the triangle, and hI' 
h2' and h3 are the triangle corner heights. 

The total is found by summing all volumes 
of rectangular and triangular prisms. 

Example 24-12. use Table 24-6 and Figure 24-21 
to calculate the volume by the borrow-pit 
method. 
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Table 24-6. Borrow-Pit Tabulation for Figure 24-21 

Point hI h2 h3 h4 

Al 3.0 
B1 6.1 
C1 4.2 
Dl 5.1 
A2 4.3 
B2 5.5 
C2 4.8 
D2 5.0 
A3 4.7 
B3 5.7 
C3 5.0 
D3 4.7 
B4 5.2 
C4 4.8 
D4 4.7 
Totals 22.7 29.1 5.7 15.3 

From Tables 24-6, the sum of corners com­
mon to one square is hI = 3.0 + 5.1 + 4.7 + 
5.2 + 4.7 = 22.7. The sum of corners com­
mon to two squares is h2 = 6.1 + 4.2 + 4.3 + 
5.0 + 4.7 + 4.8 = 29.1. Similarly, the sums of 
corners common to three and four squares are 
h3 = 5.7 and h4 = 15.3, respectively. Since 
each square is 25 by 25 ft, A = 625 sq ft. 
Substituting in Equation (24-6), we obtain 

625 
V = --[22.7 + 2(29.l) + 3(5.7) + 4(15.3)] 

4 X 27 

= 920 eu yd 

Example 24-13. Use Table 24-7 and Figure 24-
22 to find the volume of earth removed 
from squares 1, 10, 11, 12, 13, and 14. 

Sides of squares are 50 ft; volumes of squares 
10, 11, 12, 13, and 14 are found by Equation 
(24-6). 

2500 
V = --[25.1 + 2(18.8) + 3(7.0) + 4(6.2)] 

4 X 27 

= 2500 eu yd 

Volume of the triangular prism in square 1 is 
given by Equation (24-7) 

1250 
V = --(4.0 + 5.2 + 6.0) = 230 eu yd 

3 X 27 
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1 
A B 
3.0 6.1 

2 -_. 
4.3 5.5 

3 4.7 5.7 

4 
5.2 

FIgure 24-21. Borrow-pit cuts with 25-ft squares. 

where BI has a cut of 6.0 ft. The total volume 
is 2730 cu yd, obtained by adding triangular 
and square prisms. 

24-10-5. Contour-Area Method 

Whenever an accurate contour map of the 
project area exists, it can be planimetered. 
U.S. Geological Survey topographic maps are 

c D 
4.2 5.1 

4.8 5.0 

5.0 4.7 

4.8 4.7 

readily available for most areas. The volume 
between adjacent contour lines is computed 
by the average-end-area formula and written as 
follows: 

A,+A 2 CI 
v = x - cu yd (24-8) 

2 27 

where CI is the contour interval and Al and 
A2 are planimetered areas (see Figure 24-23). 



Table 24-7. Borrow-Pit Tabulation for Figure 24-22 

Point 

A2 4.0 
B2 
C2 
D2 4.8 
A3 

5.2 
3.1 

5.5 
B3 6.2 
C3 7.0 
D3 5.5 
A4 6.3 
B4 5.0 
C4 4.5 
Totals 25.1 18.8 7.0 6.2 

Example 24-14. The capacity of a reservoir will 
be computed from given planimetered 
areas and contour intervals utilizing 
Equation (24-8). 

Elevations 4820 4825 4830 4835 

Areas in sq ft 630 350 1010 1180 

A c 
1 
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Since the two middle areas are added twice 
and the contour interval is 5 ft. 

5 
VAEA = (630/2 + 852 + 1010 + 1180/2) x 27 

= 512 ell yd 

24-10-6. Mass Diagrams 
A continuous graph of cumulated cut and 

fill volumes plotted as ordinates versus stations 
along the centerline as abscissas is called an 
earthwork mass diagram. To analyze earthwork 
distribution, the mass diagram is usually plot­
ted below or above the centerline profile. In 
the plot, cut is positive and fill negative, with 
an appropriate allowance for shrinkage and 
swell. Shrinkage occurs when fill material is 
compacted and occupies a smaller volume. 

D E F G 

4 

9 

3~~~~~~~~~~~------~----~~--~ 
5.5 

16 

5~--~"----------~~--~-----L----~ 
FJgUfe 24-22. Borrow-pit method with rectangular and triangular prisms (50-ft squares). 
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FJgUre 24-23. Volume by contour-area method. 

Swell occurs when excavated material such as 
shattered rock occupies more volume. The 
graph indicates to a contractor where cuts 
should go and borrow or waste occur (see 
Figure 24-24). It is used by contractors to plan 
their work and prepare a bid (lump sum or 
price per cubic yard). 

In Figure 24-24, an increasing or rising 
curve as from A to C indicates excavation or 
cut, the descending or decreasing curve from 
C to G signifies a fill or embankment. Gener­
ally, the maximum or minimum points on the 
mass diagram are located at grade points on 
the centerline profile (points C, G, I, and J). 
An exception occurs when there are extensive 

side-hill cuts and fills at the same centerline 
station. Horizontal lines BD and FH are called 
balance lines. Total cuts and fills between the 
two end points of the balance line will be 
equal. If the final ordinate equals the initial 
ordinate, fills and cuts balance in the mass 
diagram. Material must be borrowed if the 
final ordinate is smaller than the initial ordi­
nate or obtained by "daylighting" cut slopes 
on curves. Material is wasted when the final 
ordinate is greater than the initial ordinate 
and can be used to flatten fill side slopes. 

The economics of doing earthwork can be 
analyzed by using a mass diagram. given the 



Centerline profile 

C 
~ 

F. alance line D 

~ 
G 

"iU .... 
0 1 +00 2+00' 3+00 4+00 E-< 

Figure 24-24. Centerline profile and mass diagram. 

cost of excavation, borrow, overhaul (volumes 
moved greater than free-haul distances), and 
free-haul distance are known. The limit of 
economic haul (LEH) is the distance beyond 
which it is cheaper to borrow or waste material 
and is determined by the following: 

LEH = free-haul distance 

cost of excavation 
+------

cost of overhaul 
(24-9) 

Example 24-15. Use Figure 24-25 to find (1) 
balance lines for the material between sta­
tions 0 + 00 and 20 + 00, (2) quantities of 
excavation, (3) total overhaul, and (4) cost 
of earthwork. Assume that the free-haul 
distance is 600 ft (6 stations), the cost 
of excavation $3/ cu yd, and overhaul 
$1.50/ station yd. 
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I 

~ 

5+00 7+00 8 + 00 Stations 

J 

By Equation (24-9), the limit of economic 
haul is 

$3.00 
LEH = 6 + -$-- = 8 stations 

1.60 

1. For balance lines, consider the first loop 
from station 0 + 00 to 5 + 00. It falls within 
the limits of free-haul distance FH. The cut 
volume from B to C is used to fill from A to 
B. In the second loop, balance lines oflength 
equal to FH and LEH are drawn horizontally 
on the graph. The overhaul area is repre­
sented by triangular areas EDQ and GRH. 
Excavation from E to D wasted is 2000 cu 
yd; overhaul from D to E is spread between 
G and H. Approximately 1500 cu yd must be 
borrowed for fill in H to I. For the two 
small consecutive loops, balance line IKM is 
placed horizontally making IK = KM (both 
IK and KM must be shorter than the free­
haul distance). Excavation from J to L is put 
in I to J and L to M. From M to N, about 
1500 cu yd of borrow are needed. 
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Center line profile 
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~ ~ FH r----.. ~J 
AI ~~ H 
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Figure 24-25. Centerline profile and mass diagram for small project. 

2. Total excavation taken from the graph is 

B to C 

C toF 

] to L 

2000 cu yd 

4000 cu yd 

1000 cu yd 

7000 cu yd 

Total borrow from the graph is 3000 cu yd; 
hence, total excavation is 10,000 cu yd. 

3. Volume of overhaul is determined by 
planimetering or approximating triangular 
areas EDQ and GRH, perhaps 1000 station 
yd. 

4. Total cost is 

Excavation 
Overhaul 

24-10-7. 

10,000cuyd X $3/cuyd =$30,000 
1000 X $1.50 1500 

Total $31,500 

Digital Elevation 
Models and Aerial 
Photographic Methods 

A network of three-dimensional coordinates 
(x, y, z) of surfaces can be obtained by using 

modern photogrammetric techniques. These 
are used to create a data file in a computer 
system. Computers can then be programmed 
to generate both graphical and quantitative 
data. It is beyond the scope of this chapter to 
discuss or develop methods covered in pho­
togrammetric textbooks. However, surveyors 
should know that aerial photography can be 
used to measure stream channels, reservoir 
volumes, stockpile quantities, etc. As always, 
economics comes into play, so a cost analysis 
will be needed before deciding to employ con­
ventional or photogrammetric methods. 

Pre- and posteruptions digital elevation 
models were made of Mount St. Helens in 
Oregon by the Western Mapping Center of 
the National Mapping Division, U.S. Geologi­
cal Survey. On May 18, 1980, the volcanic 
reaction displaced approximately 3.5 billion 
cu yd of material, devastated more than 
123,500 acres ofland, removed the top 1300 ft 
of the mountain, and left a crater about 2450 
ft deep. The St. Helens DEM model gave 
immediate, inexpensive, and accurate data. In 
the future, satellites and spaceships will pro-



vide topographic maps and surface measure­
ments of the earth and other celestial bodies 
by employing photogrammetric methods and 
digital elevation models. 

24-10-8. Earthwork 
Computational 
Devices 

Hand-held programmable calculators and 
computers are readily available to compute 
volumes by the various methods discussed in 
this chapter. Hand-held programmable calcu­
lators utilize programmed chips for earthwork 
calculations and have peripheral portable 
printers. Surveyors can write their own pro­
grams or input selected ones-this tool is ob­
viously indispensable for today's surveyor. 

24-10-9. Cost Estimation 

Payment for slope staking is on a per-mile 
basis and estimated by considering the type of 
terrain, accuracy desired, weather, and num­
ber of stations occupied. Many road projects 
are let for bid to small businesses by federal 
agencies such as the U.S. Forest Service and 
Federal Highway Administration. Experience 
warns: Allow margin on jobs bid. It is best to visit 
the actual construction site and walk the pro­
posed road PI line so that a reasonable bid can 
be made. Many firms have suffered from bid­
dings jobs unseen. Some projects are best bid 
by an hourly rate rather than a lump-sum bid, 
especially for inexperienced contractors. 

24-11. TUNNEL SURVEYS 

Although tunnel surveys and mine surveys ap­
pear to be identical operations, they differ in 
some important aspects because of their indi­
vidual nature and objectives. Comparison be­
tween this chapter and Chapter 29 will more 
clearly define their relationship. 
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24-11-1. Surface Survey 

Tunnel surveys are based on an above­
ground survey that connects points represent­
ing each portal of a tunnel. A traverse con­
necting the portal points determines the az­
imuth, distance, and differences in elevation 
of each end of the proposed tunnel. Local 
conditions and length will influence the choice 
of methods used in the connecting survey. It is 
highly recommended that the survey be based 
on the applicable state plane coordinate sys­
tem or adapted to the suitable local coordi­
nate system. Data from the initial survey are 
vital to the design of alignment and grade of 
the proposed tunnel (see Figure 24-26). 

24-11-2. Control Monuments 

A permanent system of monuments is estab­
lished within an area outside each tunnel por­
tal to provide reference for alignment. If local 
conditions permit, monuments are set on an 
extension of the tunnel centerline to establish 
its direction outside each portal. Transfer of 
centerline alignment is accomplished by occu­
pying an aboveground point and sighting 
ahead or double centering on required cen­
terline points into the tunnel, as shown in 
Figure 24-26. 

During construction, all worker and equip­
ment movement in the tunnel will be along 
the centerline. Therefore, it is essential to 
establish and maintain co-operation with the 
work force in scheduling surveying activities at 
mutually convenient times. 

24-11-3. Construction Control 

Centerline and grade stakes within the tun­
nel are usually set in the roof to avoid dis­
placement and destruction by the constant 
flow of people and machinery as construction 
proceeds. If the stakes are set on the floor, 
they should be offset into an area along the 
tunnel's edge. The size and cross section of 
the tunnel will be a major consideration in the 
location and density of construction stakes. 
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Transit or theodolite used 
to "double center" alignment 
forward from reference monuments Mark painted 

on heading 

Permanent monuments set 
at convenient distances 
from tunnel portal 

Figure 24-26. Centerline produced into tunnel. 

The methods and machinery used for tun­
nel excavation also influence the choice of 
staking methods. A small tunnel being exca­
vated by air hammers and blasting from a 
single heading can be guided by a centerline 
set into the tunnel roof. The contractor can 
make necessary measurements from this line 
to control the direction and grade of the tun­
nel heading. 

24-11-4. Vertical Shaft Control 

Highway and railroad tunnels may be sev­
eral miles in length. Tunnel excavations are 
carried inward from both portals and in both 
directions from vertical shafts (adits) that are 
dug to the grade and alignment of the tunnel 
at intermediate locations along its route. 

--"S--.~ 
-t--+--~ 
I I \ 
I I I 
I I I V-_J 

Plumb bobs suspended 
from ceiling plugs 
and spads 

24-11-5. Vertical Alignment by 
Plumb Bob 

The required adits are located in the field 
by reference to the aboveground survey. As an 
adit is being excavated, it is extremely impor­
tant to make frequent checks to maintain 
plumbness of the shaft. A common method 
suspends a heavy plumb bob (10 to 15 lb) on 
either a wire or heavy twine. Oscillations of 
the bob can be dampened by suspending it in 
a tray containing high-viscosity oil. The bob 
can be hung from a removable bracket at­
tached to the surface side of the shaft. The 
horizontal location of the attachment point, 
hence the plumb wire, is set by appropriate 
measurements from the survey control line. 
Throughout the excavation operations, a 



plumb bob is periodically suspended, provid­
ing a reference for measurements to shaft 
sides as a check on plumbness. 

24-11-6. Vertical Alignment by 
Optical Collimator 

An optical vertical collimator is shown in 
Figure 24-27. This Topcon Auto-V-Site instru­
ment allows users to establish and check verti­
cal lines of sight, both up and down, with the 
same eyepiece, and has a centering function 
provided. It is useful for vertical collimation at 
construction sites, mines, shipyards, and other 
types of vertical surveying. 

A vertical collimator (1) may be more con­
venient than a plumb bob; (2) can be used to 
set marks directly on the floor of a completed 
shaft; and (3) permits direct measurements to 
be made to the shaft walls, instead of using 
plumb-bob wires. A sturdy bracket, built out 
from the shaft edge, will support a tripod or 
trivet on which to mount the instrument. 

24-11-7. Vertical Alignment by 
Laser 

A laser-equipped instrument is employed 
like an optical collimator to make measure­
ments directly by observing where the light 

Figure 24-27. Topcop VS-Al (Auto-V-Sight) optical colli­
mator. (Courtesy of Topcon.) 
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beam intersects a scale or rule. Mter it is set 
up and aligned, the laser has the advantage of 
being left in place to furnish a visible line for 
constant reference. A laser-equipped unit 
should be located unobtrusively along one side 
of the shaft and not obstruct excavation opera­
tions. Targets, generally a flat piece of steel or 
wood with a t- to ~-in. hole drilled in it, are 
set at intervals along the shaft wall. As long as 
the laser beam passes through the target holes, 
it remains plumb and in correct orientation. 

24-11-8. Transfer of Elevation 
Establishing correct elevations for each shaft 

and tunnel section is best accomplished 
through direct measurement down the shaft 
from a surface bench mark, utilizing either a 
steep tape or EDMI unit. When using a steel 
tape, it is freely suspended from a surface 
point, high enough to be observed with a 
surveyor's level. The tape should have a 20-lb 
weight at its bottom end to provide a correct 
calibrated length; temperature corrections 
must also be considered. Simultaneous obser­
vations are made on the tape with surveyors' 
levels at the surface and on the shaft floor. 
The observed difference, after proper correc­
tions are applied, is the vertical difference 
between the HI of the level at the surface and 
the HI at the shaft floor (see Figure 24-28). 

An EDMI may be used to transfer elevation, 
provided the favorable visibility conditions are 
presented. The EDMI unit and reflectors must 
be mounted on a vertical line and the height 
of both instrument and reflector centers de­
termined by spirit leveling. It is necessary to 
devise a mounting system for the EDMI and 
reflector to ensure a stable vertical alignment. 
After an observation is made, the corrected 
distance is the vertical interval between instru­
ment and reflector centers, as shown in Figure 
24-29. 

24-11-9. Transferring Alignment 
in a Shaft 

Maintaining the horizontal alignment of the 
tunnel segments is a demanding task, requir-



614 Construction Surveying 

HI of surface level 
determined by 
conventional leveling 

~ 

cE 
"C:S 
Q) .... u 
CI) 

Surface HI - ~ 
~ 

(01 - O2) =HI of 0 u 
tunnel level Q) 

0. 
~ 
~ 

0 1 

= 0 ..... 
til = Q) .... 

"0 = ~ 
CI) 
~ ::s .... 
~ 
~ 
CI) 

0. 
S 
Q) .... 

Adequate support 
for tape 
and weight 

18-201b 
weight 

Surface 

... 

Tunnel 

Figure 24-28. Vertical distance in shaft by steel tape. 

ing the combined applications of surface and 
tunnel surveying techniques, plus ingenuity by 
the surveyor. Vertical transfer of horizontal 
control through a shaft is primarily to link the 
aboveground survey with the working surface 
of the tunnel, thereby enabling construction 
to follow design alignment. Transfer of surface 
control to the shaft bottom places a point on 
both shaft sides. From these points, the align­
ment is carried forward until it meets the 
alignment from an adjacent shaft or side tun­
nel. Obviously, the limited shaft diameter along 
with the lack of checks to surface alignment 
make this a very demanding operation. 

24-11-10. Transfer by Plumb 
Bobs 

Points are located at both sides of the shaft 
top at the intersection of the surface survey 
line. An appropriate structure is erected to 
anchor two plumb bobs suspended on piano 
wires at the surface point locations. Thus, the 
plumb lines recreate the horizontal location 
and alignment of the surface points. An in­
strument set up on the tunnel floor approxi­
mately on line with the plumb lines is carefully 
brought into correct alignment by lateral ad­
justment, averaging any swing of the plumb 
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Figure 24-29. Vertical distance in shaft by EDMI. 
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lines. Control points are then established on vertical lines of sight are intersected by the 
both sides of the shaft by at least four direct floor surface. The resultant points are utilized 
and four inverted observations. Alignment can in a precise double-centering operation to 
be extended in either direction horizontally by prolong the tunnel alignment. Laser devices, 
a very careful process of double centering, projecting a vertical light beam, can be used 
using a laterally adjustable target and scale following the same general procedure. 
(Figure 24-30). 

24-11-11. Transfer by Vertical 
Collimator 

The same basic procedure employed to 
check plumbness by vertical collimation is 
used, with the exception that two points at the 
top of the shaft, horizontally controlled, are 
occupied by the collimator. Marks are then 
made, or points set at the shaft bottom, where 

24-11-12. Azimuth by 
Gyroscopic 
Theodolite 

Another method of establishing and main­
taining azimuth in tunnel construction is af­
forded by the gyro-theodolite (Figure 24-31). 
This instrument is equipped with an electric 
gyro that rotates at approximately 22,000 RPM. 
The axis of gyro rotation is in a horizontal 
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Figure 24-30. Transfer of alignment down shaft by plumb bobs. 

plane; therefore, the earth's rotation causes 
the spin axis to turn toward the meridian 
plane. When this happens, inertia carries the 
spin axis somewhat beyond the meridian; the 
axis then proceeds back toward, and a bit 
beyond, the meridian. This movement is re­
ferred to as precession and is more or less a 
continuous oscillation to either side of the 
meridian. An average pointing of the instru­
ment can be achieved by observing the revers-

ing points of the precession cycle. The proce­
dure may take from 20 to 30 min, but yields an 
azimuth with a standard deviation of 20". Al­
though this is an expensive instrument, the 
accuracy and convenience realized by use of 
this theodolite will balance out the cost factor, 
particularly on a large project. 

Azimuth determined by this instrument is a 
true azimuth, since it is based on the earth's 
axis of rotation. Therefore, the user should 



know the effect of meridian convergence when 
a project survey is based on the SPCS or an 
arbitrary grid system. Close attention must be 
given to angular adjustment applications, if 
the observed true azimuth is to provide the 
correct grid direction. 

24-11-13. Use of Laser Beams in 
Tunnels 

The laser beam has been successful for tun­
nel construction, since it furnishes a readily 
accessible guide for both grade and align­
ment. Such an instrument can be mounted a 
foot or two from the tunnel wall and 3 or 4 ft 
above the floor. When aligned parallel with 
the centerline and slope of the tunnel, the 
highly visible laser beam provides a reference 
line for the bore's elevation and alignment. As 
shown in Figure 24-32, mounts and setups for 
the laser unit and its target are placed and 
kept in correct pointing by conventional sur­
vey procedure. 

A ceiling-mounted laser can be used to 
guide a tunneling machine, as illustrated in 

Figure 24-31. Gyro-theodolite GAKI/Tl6. (Courtesy of 
Wild Heerbrugg. Ltd.) 
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Figure 24-33. The tunnel machine has two 
targets attached to its front and rear. When 
the machine is correctly positioned for line 
and grade, the laser beam passes through a 
hole in the rear target and strikes the center 
of the front (opaque) target. An operator can 
observe the spot of light and make necessary 
adjustments to keep the machine aligned. 

24-12. BRIDGES 

A control survey and topographic site map are 
generally required except for very small 
bridges (see Figure 24-34). The resulting data 
are used for design and in the permit process 
with governmental agencies. A control survey 
of this nature should conform to high-order 
accuracy standards and employ theodolites and 
EDMls. 

Geographic configuration of the site and 
length of the proposed bridge should be con­
sidered in the design of a control survey. For 
most control systems, a quadrilateral presents 
a suitable figure. Conveniently located stations 
for construction control staking should be 
provided in the control figure that is based on 
an appropriate spes. When completed, the 
control survey can be expanded to provide 
additional monuments as required for use in 
both offshore and onshore construction loca­
tions. 

Piers and other offshore structures are lo­
cated by either simultaneous observations from 
two control points or set with a total station 
unit. Regardless of the instrument used in 
offshore operations, it is of critical importance 
to select control stations that present the 
strongest geometrical figures, including the 
point being located. Mter a pier location is 
established, the contractor installs a sheet­
piling cofferdam and excavates to bedrock for 
the pier footing, and then places the founda­
tion. The location survey extended to the foot­
ing top guides pier construction. 

As work progresses, periodic checks are 
made to verify plumbness of the pier struc-
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Figure 24-32. Use of laser in tunnel. 

tures and their elevations. Final operations in 
pier construction are setting anchor bolts and 
beam sockets to anchor the bridge spans. All 
these components must be located by triangu­
lation or trilateration from the onshore con­
trol stations. If possible, reference marks made 
on adjacent piers should be traversed to pro­
vide additional positional checks. 

Onshore staking will furnish line and grade 
for the abutments, wing walls, approach struc­
tures, and roadways. The latter structures can 
be located from the road construction or con­
trol surveys. The face lines of abutment struc­
tures are set and referenced to either batter 
boards or points located beyond the construc­
tion limits. If portions of an abutment will 
extend into the water, an offset line estab-

Laser beam set parallel 
with tunnel alignment 
and grade by conven­
tional means 

lished on the riverbank and measurements 
made by the contractor locate the structure's 
waterward face. 

As in pier construction, when footing and 
structure bases have been completed, survey 
control is transferred to their tops and used to 
guide construction of the facilities upward to 
completion. Again, it is usually the surveyor's 
responsibility to make periodic checks to en­
sure compliance with specified alignment and 
elevation. When abutment construction has 
been completed, a precise survey from the 
control system provides locations for the in­
stallation of anchor bolts and other span struc­
ture items. Mter this hardware has been 
placed, it is checked for position relative to 
the control system and abutments on the op-
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posite shoreline. As the span is being con­
structed, a surveyor may be required to con­
duct various vertical and horizontal alignment 
checks of the structure. 

Permanent monuments are set on the com­
pleted bridge structure following the comple­
tion of construction. They should be conve­
niently located and well-referenced, since they 
provide a basis for future deformation surveys 
monitoring any motion in the bridge and pier 
structures. 

24-13. DAMS 

As in most construction projects, a boundary 
and topographic survey must be made of the 
dam site prior to undertaking even the design 
work. A dam/reservoir is unique in that large 
areas will be inundated by the proposed reser­
voir, so surveys may extend over 100 mi. This 
type of survey is utilized for many purposes: 
(1) geological exploration, (2) hydrography of 
existing water bodies, (3) property acquisition 
for reservoir and dam facilities, (4) topography 
for site design work, and (5) data for access 
road construction. Also to be considered are 
power-line routes, future recreational facilities 
encircling the reservoir, and provision for a 
deformation/subsidence survey around the 
completed dam/reservoir area. 

A survey of this scope must, by necessity, be 
based on a SPCS. The primary control surveys, 
both horizontal and vertical, should meet 
first-order standards (see Figure 24-35). Sec­
ondary controls for topography, etc. can be 
performed to second-order specifications. Sev­
eral methods of surveying may be employed 
depending on the project's magnitude and 
geographic conditions. Among various meth­
ods to consider are conventional triangula­
tion, traverse, trilateration, Doppler, or iner­
tial positioning. The topography work should 
be done by photogrammetric methods. 

When the dam location has been selected, a 
very dense system of horizontal and vertical 
control stations is established in the area. Per-

manent monuments are constructed in conve­
nient locations on both up- and downstream 
sides of the dam. A construction control sur­
vey is based on the primary control survey and 
should meet first-order standards (see Figure 
24-36). 

Dam construction may extend over several 
years; therefore, it is essential that the con­
struction control system be designed for per­
manence and adaptability to changing re­
quirements as construction progresses. Design 
consideration must also be given to ease of 
checking the overall system and for efficient 
replacement of points that are destroyed or 
displaced. 

Construction of a dam will require survey 
control to excavate diversion tunnels, con­
struct cofferdams up- and downstream from 
the dam location, and locate the dam base at 
bedrock. Numerous other peripheral con­
struction projects will be undertaken in addi­
tion to the dam work, such as cableway cross­
ings, on-site railways, access roads, rock quar­
ries, fabrication shops, concrete-mixing plants, 
and utility lines. All these facilities require 
location and construction staking prior to, and 
simultaneous with, construction of the dam. It 
is obvious that careful scheduling is required 
to meet the project's surveying needs by em­
ploying an economical number of personnel 
to avoid delaying construction. 

The control survey and all major points of 
the dam are assigned X-, y-, and z-coordinate 
values, so azimuth and distance can be devel­
oped between selected control stations and 
points of construction by coordinate inverse 
procedure. Thus, horizontal positions for con­
crete forms or other features of construction 
can be established by simultaneous observa­
tions from two theodolites occupying control 
stations. The instruments are backsighted 
along fixed control lines, then aligned to the 
computed azimuth of a desired point. An in­
tergrated EDMI and the theodolite of ade­
quate precision may be used for the same 
position. 

Provision of vertical control is accomplished 
by direct differential leveling or trigonometric 
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Figure 24-35. Portion of map for design and control of reselVoir and dam. 

leveling using a total station of suitable preci­
sion. In addition to controlling major features 
of a dam, a surveyor may be required to lay 
out internal structures such as penstocks, tur­
bine and generator bases, and other various 
machinery. These operations require a wide 
variety of surveying techniques along with a 
great deal of ingenuity on the surveyor's part. 
It is advisable to consider using laser-equipped 

survey instruments to facilitate horizontal and 
vertical alignment. 

Along with providing ongoing construction 
control, survey requirements will often include 
periodic checks of finished construction to 
monitor settlement or displacement of the 
dam. On completion of the dam, a precise 
system of horizontal and vertical survey sta­
tions is established on the dam itself and at 
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Figure 24-36. Portion of map showing construction points for dam structure and site. 

locations around the reservoir to provide a 
basis for deformation surveys. These will gen­
erally be carried on for years after completion 
of construction to provide a program of safety 
analyses through confirmation of design­
predicted movements. 

24-14. AS-BUILT SURVEYS 

The final surveying job after construction is 
finished involves preparation of an "as-built" 
survey and map. All primary control stations 
for the project should be rechecked and any 



mlssmg or displaced monuments replaced 
or readjusted. Likewise, highway and street 
centerlines or other easily destroyed control 
marks must have adequately established refer­
ence points. Permanent monumentation of all 
major control points is necessary for possible 
use in any modification or expansion of the 
project. 

With the control system lines, all major 
changes in the completed project are mapped. 
Few large facilities have been finished without 
making a field adjustment or modification to 
the original design. Therefore, it is essential to 
prepare a detailed map showing all changes 
that may have been made during construction, 
in relation to the completed project. Measure­
ments from an as-built survey often are the 
basis of payment for actual quantities of work 
and materials used in construction. 

The complete as-built survey should depict 
the primary control system, references to all 
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major survey control points, locations and di­
mensions of the completed project, and nota­
tions of any modifications to the original de­
sign. This map becomes a permanent record 
and must be preserved for many uses in future 
engineering or surveying relative to the com­
pleted project. 

REFERENCES 

DAVIS, R. E., F. S. FOOTE,]. M. ANDERSON, and E. M. 
MIKHAIL. 1981. Surveying Theory and Practice, 6th 
ed. New York: McGraw-Hili. 

KAVANAGH, B. F., and S. J. GLENN BIRD. 1992. 
Surveying, 3rd ed., Englewood Cliffs, NJ: Prentice 
Hall. 

MEYER, C. F., and D. W. GIBSON. 1980. Route SUn/ey­
ing and Design, 5th ed. New York: Harper Collins. 

MOffiTT, F. H., and H. BOUCHART. 1992. SUn/eying, 
9th ed. New York: Harper-Collins. 

WOLF, P. R. and R. C. BRINKER. 1994. Elementary 
SUn/eying, 8th ed. New York: Harper Collins. 



25----
Route Surveys 

David W. Gibson 

25-1. INTRODUCTION 

Highways, railways, canals, tunnels, dams, 
pipelines, and transmission lines are con­
structed works having linear shapes classified 
as routes. A unique system for expressing route 
geometry has developed that, once learned, 
can be applied without fail to this broad range 
of projects by all surveyors, designers, and 
constructors. 

25-2. THE ROUTE COORDINATE 
SYSTEM 

Positions of features along a route are ex­
pressed by three coordinates: (1) station S, (2) 
offtet OS, and (3) elevation Z (see Figure 25-1). 

Station S is the horizontal distance along a 
preselected base line. Due to a route's linear 
form, a single line is chosen to be the base of a 
geometry system, and its choice is extremely 
important. The selected base line is usually the 
center of pavement for highways, the center of 
rails for railroads, or another feature that par­
allels the route's linear form. 

The base line is stationed, first in concept 
and later physically, on the ground during 
project layout. Station are points separated by 
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a fixed horizontal distance, such as 100 ft for 
traditional U.S. routes or 1000 m for the met­
ric expression of route geometry. Stations are 
numbered from zero at the initial point to 1, 
2, 3, etc. throughout the length of the route. 
For 100-ft stationing, station 25 is therefore 
2500 ft from station 0, measured horizontally 
along the base line. Points between stations 
are designated by a plus distance-the dis­
tance past the previous full station. For exam­
ple, a point at station 25 + 45.12 is 45.12 ft 
beyond station 25, or 2545 ft from station 
0+00. 

Under the metric system, stations have as­
sumed different definitions in various coun­
tries. In Canada, station 2 + 151.262 is 2 km 
plus 151.262 m from station 0 + 000. The 
layout interoal for setting base-line stakes is 
chosen as 10, 20, or 50 m depending on the 
route's geometric complexity. Therefore, with 
a 20-m layout interval, 50 stakes will be set 
from station 1 + 000 to 2 + 000. Calculations 
are carried to the millimeter. 

An 0 fftet OS is measured as the minimum 
perpendicular horizontal from the base line, 
either right (plUS) or left (minus), referenced 
to a person standing on the base line facing 
up-station. 

Elevation Z has the same meaning in route 
geometry as for other surveys and is refer-



Figure 25-1. The route coordinate system. 

enced to a recognized vertical datum such as 
the NGVD. 

25-3. HORIZONTAL ALIGNMENT 
PARTS AND NOMENCLATURE 

Base-line horizontal geometry consists of tan­
gents, simple curves, simple spirals, compound 
curves, reverse curves, 1n0ken.JJack curves, and com­
bining spirals. As shown in Figure 25-2, tangents 
are straight portions of base line and when 
extended meet at a point of intersection, also 
termed vertex V. The angle each tangent makes 
with the local direction of north is the tangent 
bearing or azimuth. The intersection angle Ll (or 
I) between tangents equals the difference be­
tween tangent azimuths. Simple curves are arcs 
of circles providing a constant rate of direc­
tion change from tangent to tangent. The 
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curve starts at the point of curvature PC and 
ends at the point of tangent PT (also called BC 
and EC for the beginning and end of the 
curve or TC and CT for tangent to curve and 
curve to tangent). 

A compound curve provides an instantaneous 
change in curvature at a point of compound 
curvature PCC, where an initial curve leads 
into a second curve of different radius but 
curving in the same direction. At a point of 
reverse curvature PRC in a reverse curve, curva­
ture changes magnitude and direction instan­
taneously. Broken.JJack compound or reverse 
curves replace the pec or PRC with a short 
length of tangent. 

Spirals are curves of variable radius used to 
replace instantaneous curvature changes at a 
PC, PT, or PCC with a gradual easement of 
curvature change. Simple spirals join a tangent 
portion of roadway with a circular curve, while 
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FIgUre 25-2. (Continued) 

Circular curve 
#1 

(d) 

Circular curve 
#1 

combining spirals connect two circular curves 
of differing radius. A tangent to spiral juncture 
on the incoming tangent is labeled TS, while 
spiral to curve SC denotes the union with the 
circular curve. CS and ST denote similar points 

Combining spiral 

Circular curve 
#2 

Circular curve 
#2 

but of higher stationing on the leaving spiral, 
where the curve joins the spiral and the spiral 
meets the tangent. A combining spiral provides 
a gradual curvature change at a compound 
curve PCC. 
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25-4. VERTICAL ALIGNMENT PARTS 
AND NOMENCLATURE 

In addition to having a particular horizontal 
geometry, the base lines's vertical alignment 
consists of distinct components: (1) vertical tan­
gents and (2) vertical curves. For vertical tan­
gents, the base line has constant slope, termed 
percent g;rade, which expresses the rise or fall of 
the base line per 100 units of run. A positive 
3% grade rises 3 ft per 100 in an up-station 
direction. 

Vertical tangents meet at a point of vertical 
intersection PVI. To allow the smooth transition 
of grade from one tangent to another, a verti­
cal curve is used, consisting of a portion of a 
parabola. Whereas circular horizontal curves 
give a constant rate of change of azimuth, 
parabolic vertical curves yield a fixed rate of 
change of grade. The beginning of a vertical 
curve, where the parabola meets the incoming 
tangent, is termed point of vertical curvature 
PVC, while its juncture with the outgoing tan­
gent is the point of vertical tangent PVT. In 
some references, these points are also termed 
the begin vertical curve BVC and end vertical 
curve EVC. 

25-5. CROSS-SECTION ALIGNMENT 
PARTS AND NOMENCLATURE 

Cross sections of a route often have repetitive 
geometry from place to place, leading to the 
concept of a typical cross section, often called a 
template. For example, a highway cross section 
may have constant shape consisting of a crown, 
side slope, superelevation, and standard offiets. 

A crown may be expressed as a percent, 
rise-per-foot ratio, or height difference. For 
two 12-ft traffic lanes, a 2% crown equals a 
cross slope of i in. per ft and height differ­
ence of 0.24 ft between the pavement center 
and edges. For earthwork cuts and fills, it is 
customary to express side slopes as a ratio of 
run: rise-e.g., a side slope of 2 : 1 indicates a 
1-ft rise or fall for each 2 ft of run. Side slopes 

range from vertical of t : 1 in rock cuts to 6: 1 
for gradual swales and shoulders. 

In horizontal curves, the pavement is built 
at a constant cross slope called superelevation, 
usually expressed as a percent. Superelevation 
raises the outside edge of the pavement to aid 
a vehicle in negotiating a curve by providing 
better balance of friction and centrifugal 
forces. A typical superelevation rate is 10%, 
meaning that the outside edge of a 12-ft traffic 
lane is 1.2 ft above the inside. 

Near the PC of a circular curve, a transition 
is employed to remove the incoming crown 
and rotate the pavement into superelevation. 
Likewise at the PT, a second transition is 
needed to rotate the pavement back to a nor­
mal crown. 

Typical cross sections also show standard 
offset to roadway features, such as the edges of 
the pavement, shoulders, and side ditches. El­
evation of the base line at a particular station 
is termed the profile g;rade, where the term 
"grade" refers to elevation, not percent slope. 

25-6. DEGREE OF CURVE 

Deg;ree of curve D is a statement of curvature or 
"tightness" of a horizontal curve. Mathemati­
cally, degree of curve expresses the azimuth 
change in degree experienced by a vehicle in 
one station 000 ft) of travel. Figure 25-3 pre­
sents two curves with a vehicle traveling one 
station on each. In Figure 25-3a, the vehicle's 
azimuth change and therefore degree of curve 
is small, whereas in Figure 25-3b, a large 
change in direction gives a large D. 

Route designers choose a safe D according 
to the specified velocity of travel. Table 1 gives 
typical maximum safe values of D for highways 
in the United States, indicating that values of 
D seldom exceed 250 on a very tight curve. Flat 
curves have a D of 10 or smaller. 

An inverse mathematical relationship exists 
between D and R-i.e., as one decreases the 
other increases-but given D or R, the other 
can be calculated. Figure 25-3 indicates that D 
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Figure 25-3. Degree of curve. (a) Flat curve. (b) Tight curve. 

Table 25-1. Safe degrees of curve 

Design Velocity Maximum Safe D 
(MPH) (deg) 

30 
40 
50 
60 
70 
80 

25 
13 
8 
5 
4 
2.8 

also equals the central angle subtending 100 ft 
of arc. Using the following relationship be­
tween the central angle in the radians, arc 
length, and radius, we obtain 

100 = RD {25-0 

with R in ft and D in rad. Solving for R gives 

100 
R=­

D 
(25-2) 
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With D in decimal degrees and R in ft, and Dc can be easily calculated from D by 
combining constants yields 

and 

5729.573 
R=---

D 

5729.573 
D=---

R 

(25-3) 

(25-4) 

Early railroad practice used a chord defini­
tion Dc for degree of curve, because railroad 
stations were set 100 ft apart on the chord, not 
the arc. Dc results in a slightly larger numeri­
cal value than D for the same curve. Figure 
25-4 indicates that 100 ft of chord extends 
farther along the curve, thereby making Dc 
larger than D. By solving the cross-hatched 
triangle, 

or 

(25-6) 

25-7. COMPUTING CURVE PARTS 

The intersection angle Ll and D (degree of 
curve) are basic parts of a horizontal curve, 
usually selected during design. From D the 
radius R is easily calculated, and from Rand 
Ll the remaining curve parts are determined. 

Arc length L can be calculated knowing R 
and Ll in either decimal degrees or rad. With 
Ll in rad, 

L=RIl (25-7) 

with Ll in degrees, 

L = 27TR(~) 
360 

(25-8) 

(25-5) where 7T is 3.14159. 

Figure 25-4. Chord definition of degree of curve. 



Tangent distance T and the external E may be 
calculated from triangle cdb in Figure 25-5. 
The intersection angle d is duplicated at the 
radius point as the total central angle and bi­
sected by the line joining the PI with the 
radius point. By right-triangle trigonometry, 
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M is the difference between R and distance 
abr , giving 

(25-12) 

Other useful curve relationships are as fol­
(25-9) lows: 

The external equals the distance from the PI 
to the radius point minus the radius 

R 
E=---R 

costd 
(25-10) 

The long chord LC joins the PC with the PT 
and may be calculated along with the middle 
ordinate M from triangle cab. Point a is the 
long chord's midpoint; therefore, 

LC = 2R sin td (25-11) 

Figure 25-5. Circular curve parts. 

versine td = 1 - cos td (25-13) 

I 1 
(26-14) exsecant -d = -- - 1 

2 cos td 

M = R versine td (25-15) 

E = R exsecant td (25-16) 

LC = 2T cos td (25-17) 

M = Ecostd (25-18) 

M = tLCtantd (25-19) 
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25-8. LAYOUT OF HORIZONTAL 
CURVES 

To layout an alignment, stakes must be set at 
each base-line station (the PI stakes usually 
have already been set). Therefore, along tan­
gents, a theodolite gives line from PI to PI, 
and a tape is used to measure distances for 
stations, such as 1, 2, 3, and 4 in Figure 25-6. 

But when a curve is encountered, special 
techniques must be employed to set the stakes 
along the circular curve. The most common 
method is de flection angles and chords from a 
theodolite set on the PC. A theodolite at the 
PC sights the PI, and deflection angles dare 
turned to desired points on the curve, such as 
stations 5, 6, and 7 in Figure 25-6. Chords are 
slightly shorter than the arcs they subtend and 
are measured as either total chords from the 
PC to curve points or subchords between suc­
cessive stations on a curve. 

Deflection angles equal half the angular size of 
the total arc subtended. In Figure 25-7, total arc x 
is the length from the PC to a point on the 
curve and has an angular value Ox' the central 
angle it subtends. Therefore, 

(25-20) 

where d X is the deflection angle for arc x and 
Ox the central angle subtending arc x. The 
chord ex is found by solving the cross-hatched 

0+00 

Figure 25-6. Deflection angles. 

triangle, giving 

(25-21) 

and since 0x/2 equals dx, 

(25-22) 

Equation (25-22) indicates that a chord for arc 
x is twice the radius multiplied by the sine of 
the corresponding deflection angle. 

Example 25-1. For the curve in Figure 25-6, 
assume that R = 400 ft, a = 70°, and the 
PC station = 4 + 30. Calculate the total de­
flection angles and chords required to lay 
out each full station from a theodolite on 
the PC. 

Station 5 is 70 ft into the curve. The angu­
lar equivalent in rad for 70 ft of arc is 70/400; 
d x is half of that or 0.087500 rad, and the 
decimal equivalent is found by the standard 
conversion to be 5°00'48.1". The chord for 70 
ft of arc is found by Equation (25-22) to be 
69.910 ft. 

Station 6 information is found in a like 
manner. The total arc is 170, making d x equal 
to 1/2(170/400) or 0.21250 rad, which con­
verts to 12°10'31.3". The required chord mea­
sured from the PC is found by Equation 25-22 
to be 2(400)sin d x = 168.72 ft. The total solu­
tion is shown in Table 25-2. 
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An alternate approach for the layout of a 
curve uses deflection angles and subchords, 
whereby curve points are located by taped 
subchords from the previously set station in­
stead of total chords from the PC. Also, it is 
customary to calculate the required deflection 
angles by an additive process using subdeflec­
tion angles instead of the direct calculation of 
total deflection angle, as in the previous exam­
ple. This procedure is especially recom­
mended when calculations are being done by 
hand or in the field, because blunders are 
more easily found and avoided. Subde flection 
angles equal the incremental deflections be­
tween sightings. Since the degree of curve D is 
the central angle for lOO ft of arc, then the 
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subdeflection angle Jor 100ft oj arc, dlOO ' is half oj 
D. A subdeflection angle for an odd value of 
arc length x is then found by the following 
simple proportion: 

d. = ( l~ )dlOO = ( l~O )tD (25-23) 

Corresponding subchords are then computed 
by Equation (25-22) from the subdeflection 
angles. This method reduces computational 
time because each curve usually has only three 
different subdeflection angles, from the PC to 
the first full station, between full stations, and 
from the last full station to the PT. As shown 
in Figure 25-8, the curve of the previous exam­
ple has three subdeflection angles: d70 , dloo ' 
and dI8.69 ; and three corresponding sub­
chords: C70' clOO ' and CI8.69. Total deflection 
angles can then be computed by simple addi­
tion. This technique will be shown in the fol­
lowing example. 

Example 25-2. Using the same curve data as in 
Example 25-1, tabulate the computations in 
Table 25-3. 

25-9. LAYOUT OF A CURVE BY 
COORDINATES 

With a total station instrument, layout of a 
circular curve is facilitated by using radial-

Table 25-2. CUIVe layout data by total deflection angles and total chords 

Curve data: L = R 4 (rad) = 488.692 
PT station = (4 + 30) + 488.692 = 9 + 18.69 

Station 

PC=4+30 
5 + 00 
6 + 00 
7 + 00 
8 + 00 
9 + 00 

PT = 9 + 18.69 

(Total 
Arc) Angular 
from 
PC, x 

0 
70 
170 
270 
370 
470 
488.692 

Value of x, 9. 
(rad) 

o 
70/400 
170/400 
270/400 
370/400 
470/400 
488.692/4004 

Check: The last deflection angle should equal half of d. 

Deflection Angle Total Chord 
d. = 9./2 from PC, 

(rad) (deg) c. (ft) 

0 0 0 
0.08750 5°00'48" 69.91 
0.21250 12°10'31" 168.72 
0.33750 19°20'14" 264.90 
0.46250 26°29'57" 356.95 
0.58750 33°39'40" 443.42 
0.61086 35°00'00. 458.86 
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Figure 25-8. Subdeflection angles and total deflection angles. 

stakeout techniques. As shown in Figure 25-9, 
the instrument can be set at any point whose 
coordinates are known and the desired curve 
points visible. Coordinates for instrument lo­
cations are established previously by control 
traversing. With the instrument on a point, 

say, A, a backsight can be taken to a point of 
known coordinates, say, E, and the reference 
azimuth can be calculated as follows: 

(25-24) 

Table 25-3. Curve layout data by subdeflection angles and subchords 

Total Deflection Angle 
Station Arc Subdeflection Subchord Computed Data 

PC=4+30 0°00'00" D = 100jR = 0.25 rad 
70 5°00'4S" 69.91 d lOO = ~D 

5 + 00 5°00'4S" = 0.12500 
100 7°09'43" 99.74 = 7°09'43" 

6 + 00 12°10'31" d 70 = (70jI00)d loo 
100 7°09'43" 99.74 = 5°00'4S" 

7 + 00 19°20'14" d 1S .69 = (lS.69jI00)d I00 

100 7°09'43" 99.74 = 1°20'19" 

S + 00 26°29'57" CIOO = 2R sin d lOO 

100 7°09'43" 99.74 = 99.74 

9 + 00 33°39'40" c70 = 2R sin d70 

18.69 1°20'19" 18.69 = 69.91 

PT = 9 + lS.69 34°59'59" c18.69 = 2R sin d 18.69 

= 18.69 

Check: The last deflection angle equals t A within roundoff tolerances. 



Coordinates for curve points are readily 
determined using precomputed deflection an­
gles. Given the PI coordinates (NpI> EpI ), az­
imuth of the incoming tangent l¥p intersec­
tion angle A, and curve radius R, cUIVe-point 
coordinates are calculated by first finding co­
ordinates for the PC. 

(25-25) 

(25-26) 

Using precomputed total deflection angles, we 
can calculate the cUIVe-point coordinates by 

Nx = Npc + 12R sin dxlcos(a l + dx) (25-27) 

Ex = Epc + 12R sin dxl sine a l + dx ) (25-28) 

where x is the total arc from PC to CUIVe 
point, and d x the corresponding total deflec­
tion angle, positive for clockwise (CW) and 
negative for counterclockwise (CCW) deflec­
tions. 

The required layout angle and distance for 
the CUIVe point are then determined from 
coordinates by 

Layout angle = tan -I - aAB (25-29) ( Ex - EA ) 
Nx -NA 

Figure 25-9. Radial layout. 
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where the measurement is clockwise from the 
reference backsight. The horizontal distance is 
found from coordinates. 

[ 2 2]1/2 Layout dist. = (Nx - NA ) + (Ex - EA ) 

(25-30) 

25-10. TRANSITION SPIRALS 

As vehicles travel circular CUIVes, they exert 
outward centrifugal force on the roadbed in 
direct proportion to the degree of CUIVature 
present and velocity of travel. Since a vehicle 
on a straight tangent produces no centrifugal 
force and a finite amount of CUIVature abruptly 
begins at the PC of the circular CUIVe, the 
required centrifugal force builds up instanta­
neously, causing a distinct thrust on the 
roadbed, vehicle, occupants, and cargo. Riders 
experience discomfort, the cargo shifts, and 
the vehicle's undercarriage may be damaged. 

The effect is particularly serious on fixed­
guideway rail systems because the vehicle must 
follow the route geometry exactly. On high­
ways, the driver anticipates upcoming CUIVa­
ture and begins turning the vehicle slightly 



636 Rnute SU1VeyS 

before the PC, as in Figure 25-10. If we assume 
that the steering wheel is turned at a constant 
rate, the car's curvature will increase linearly 
until the full degree of curvature equals that 
of the circular curve. During this period the 
vehicle is following a spiral, a geometric shape 
of constantly changing curvature in which the 
centrifugal force increases linearly over a 
length of roadbed, thereby reducing the thrust 
of a sudden increase. But an automobile 
following a natural spiral deviates from the 
traffic-lane center and drifts toward the inside, 
causing a potentially unsafe condition, particu­
larly on multilane highways. Therefore, on 
highways a spiral is inserted to put the pave­
ment on this natural spiral and permit the 

Tangent.~ __ +-;~--_ 

-

vehicle to maintain a position in the traffic-lane 
center. 

25-11. SPIRAL GEOMETRY 

As shown in Figure 25-11, the tangent-spiral 
juncture is termed TS, spiral to curve point 
SC. Constructing a local tangent at the SC and 
producing it back to the tangent give the spiral 
PI. The deflection angle at the PI is As' the 
spiral angle. To make room for the spiral, 
the circular curve's PC is shifted inward by the 
throw o. The spiral's length Ls is measured 
along the curve from the TS to the SC. A 

Stop turning wheel; 
hold curvature 

Begin turning 
steering wheel 

"­
Linear buildup 

of force in spiral 

(a) 

Spiral 

(b) 

Figure 25-10. Spirals. (a) Nonspiraled curve. (b) Spiraled curve. 
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Figure 25-11. Parts of a spiral. 

special rectangular coordinate system is set up 
in which Y is the tangent 0 ffiet to the SC and X 
the distance along the tangent to the 0 ffiet ' s foot. 

A route designer usually chooses Rc and a 
spiral's length Ls' From these, the remaining 
parts of the spiral can be determined. 

The spiral angle Lls is calculated based on 
two geometric properties of the spiral: (1) The 
length of spiral Ls equals twice the length of 
circular curve from the shifted PC to SC and 
(2) the spiral angle Ll s is duplicated at the 
circular curve radius point, as shown in Figure 
25-11. Therefore, 
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Spiral PI Incoming 
tangent 

Spiral coordinates X and Y are found by an 
infinite-series calculation, as follows: 

[ 
112 114 1 

X = Ls 1 - 5(2sl) + 9(4sl) - + ... (25-33) 

and 

[ lls ll~ ll~ 1 
Y = Ls '3 - 7(31) + 15(7!) - + ... (25-34) 

where X or Y will have the same units as L s ' 

and Ll s is in rad. 
(25-31) The X-coordinate of the throw Xo and the 

Solving for the spiral angle gives 

II = - - (ll in rad) 1 ( Ls ) 
2 Rc s 

(25-32) 

The decimal degree value of Ll s is found by 

throw itself are calculated by right-triangle 
trigonometry using triangle abc of Figure 
25-12, giving 

(25-35) 

(25-36) 

the standard conversion, multiplying by Example 25-3. A route designer chooses a spi-
180j7T. ral length of 200 ft and circular curve ra-
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TS 

Figure 25-12. Spiral geometry. 

dius of 1000 ft. Find spiral quantities as' x, 
Y, 0, and xo' 

x 
:-----T----

Iy 
I 

a 

tangent is o/(tan t a). This is then added to x 0 

to determine the distance along the tangent 
from the un shifted PC to the TS. The un­

ils = (L,/R)/2 = (200/1000)/2 = 0.10000 rad shifted PC station may then be adjusted by this 
amount to find the TS station 

= 5.7296° 

X = 200{I - 0.12/[5(21)] + 0.14/[9(41)] 

-0.16/[13(6!)]} = 199.80 ft 

Y = 200{O.l/3 - 0.1 3/[7(3!)] + 0.15/[11(51)) 

-0.17/[15(7!)]} = 6.662 ft 

o = 6.662 - 1000[1 - cos(O.I)] = 1.666 ft 

Xo = 199.80 - 1000sin(0.l) = 99.967 ft 

25-12. INSERTION OF SPIRALS IN 
AN ALIGNMENT 

To fit spirals into an alignment, designers first 
choose a circular curve radius Re and an in­
tersection angle a, then compute the tangent 
distance for a simple circular curve T = 

R tan(a/2), and a station value for the un­
shifted PC. 

To make room for a spiral of chosen length 
L" the circular curve must be shifted along 
the angle bisector as shown in Figure 25-13. 
The component of shift measured along the 

TS station = unshifted PC station 

-(x + _0 ) 
o tan til 

The SC station IS found by adding L" as 
follows: 

SC station = TS station + L, 

L e, the reduced length of the circular curve, is 
determined by first calculating ae• Since two 
values of as added to ae must equal the total 
intersection angle a, 

The length of the circular curve from SC to 
CS is therefore 

(25-37) 

and 

CS station = SC station + Lc 

Finally, the ST station is found by increment­
ing the CS station by L,. 
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TS 

Figure 25-13. Spiraled circular curve. 

Example 254. Insert the 200-ft spiral of Exam­
ple 25-3 into an existing horizontal align­
ment. The unshifted circular curve of ra­
dius 1000 ft has a PC station of 125 + 34 
and an intersection angle a of 50°. 

Using previously calculated values for x.' 0, 

and as' we obtain 

TS station = un shifted PC station 

-[Xo + o/tan(a/2)] 

= (125 + 34) 

- (99.967 + 1.666/tan 25°) 

= 124 + 30.46 ft 

Unshifted PC 

T 

SC station = TS station + Ls = (124 + 30.46) + 200 

= 126 + 30.46 

I1c = 11 - 2 I1s = 50° - 2(5.7296) 

= 38.5408° = 38°32'37" 

= 0.67266 rad 

Lc = Rc I1c = 1000(0.67266) = 672.66 ft 

CS station = SC station + Lc 

= (126 + 30.46) + 672.66 

= 133 + 03.12 

ST station = CS station + Ls = (133 + 03.12) + 200 

= 135 + 03.12 
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25-13. LA YOUr OF SPIRALS 

The usual method of spiral layout is by deflec­
tion angles and chords, with a theodolite at 
the TS (or ST). Deflection angles are com­
puted by one of three available methods: (1) 
exact deflection angles by spiral coordinates, 
(2) approximate deflection angles by geome­
try, or (3) exact deflection angles by a com­
puted correction to the approximate value. 

Chords are either (I) total chords from the 
TS (or ST) or (2) subchords from station to 
station. A total station theodolite will be best 
suited to exact angles by coordinates and total 
chords from the TS. A more traditional layout 
using a theodolite and tape will employ meth­
ods (2) or (3) for angles and subchords for 
distances. 

Spirals can also be established by a Carte­
sian coordinate method, whereby the theodo-

lite is located at any point of known coordi­
nates, a backsight is taken to another, and a 
layout angle and distance are computed for 
each point to be set. 

Regardless of the method, the local spiral 
angle 8 must be computed for each desired 
point on the spiral. In Figure 25-14, consider a 
point a distance I from the TS. If a local 
tangent is constructed and extended back to 
an intersection with the incoming main tan­
gent, the local spiral angle is created. This 
angle is computed from ~s by knowing that 
spiral angles are propqrtional to the square of their 
respective distances from the TS. Since ~s is the 
angle for a point Ls from the TS, the relation 
can be written 

(25-38) 

~I --:;----~ 
d1 --1- " d _---<"__ "S TS ---- --------

1 ""~ 

(a) 

--------------------------~---

(b) 

F.gure 25-14. Spiral deflection angles and subchords. (a) Deflection angles. (b) Subchords. 



25-14. EXACT DEFLECTION 
ANGLES AND TOTAL 
CHORDS BY SPIRAL 
COORDINATES 

From the computed local spiral angle, local 
spiral cOlYT'dinates XI and YI can be found using 
Equations (25-33) and (25-34), substituting l 
for Ls and 51 for il s. The exact deflection angle 
d l and total chord CI are then established by 
trigonometry, as follows: 
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For the layout of tight spirals or applica­
tions requiring more accuracy, a small correc­
tion must be subtracted to get an exact 
relation 

5[ 
d = - - C" 

I 3 
(25-42) 

where C" is a correction expressed in seconds 
and found by 

C" = 0.003098 3 + 0.002288- 5 (25-43) 

with 5 in decimal degrees. The correction is 
(25-39) small and can be neglected on most work. 

and 

( 2 2)1/2 
CI = Xl + YI (25-40) 

25-15. SPIRAL SUBCHORDS 

As shown in Figure 25-14b, exact spiral sub­
chord lengths may be calculated by applying 
the distance formula to local spiral coordinates 
(XI' Yl) and (x2' Y2) for the subchord's end­
points 

Coordinates are first computed using Equa­
tions (25-33) and (25-34). 

25-16. SPIRAL DEFLECTION 
ANGLES BY GEOMETRY 

From calculus, the deflection angle is slightly larger 
than one-third the corresponding local spiral angle, 
giving a very useful relation, as follows: 

8/ 
dl = - (approx.) 

3 
(25-41) 

Typical values are shown in the following tabu­
lation: 

{) (deg) C" 

5 0.4 
10 3.1 
15 10.46 
20 24.83 
25 48.58 
30 84.11 
35 133.88 
40 200.39 

C" is a nonlinear function of 5, increasing at 
a greater rate for larger {)'s. 

Example 25-5. For the 200-ft spiral of Example 
25-3, compute the approximate and exact 
angles to layout each full 50-ft station. 

Determine distance I by subtracting the TS 
station from the desired spiral point to be set. 
For example, for station 125 + 50 

l = (125 + 50) - (124 + 30.46) = 119.54 

Use Equation (25-38) to calculate the local 
spiral angle {)119.54 

( l)2 ( 119.54)2 
81 = 200 As = 200 (5.7296) 
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From Equation (25-41), the approximate de- the following: 
flection angle 

2.04687 

3 
= 0.68229 = 0°40'56.2" 

and by equation (25-43), the correction is C" 
= 0.03". Subtracting for the exact deflection 
angle, we obtain 

d1 = d1 approx.- G" = 0°40'56.2" - 0.03" 

For other points, calculations are repetitive 
as shown in Table 25-4. 

25-17 . LAYOUT OF SPIRALS FROM 
CURVE SETUPS 

At times, the total spiral is not visible from the 
TS, requiring instrument setups on the spiral 
to set the remaining points. For example, in 
Figure 25-15, most of the spiral is obstructed 
from the TS. In this case, remaining points 
should be "backed in" from an instrument at 
the SC. 

The SC may have already been set, but if 
not, it can be located by using a spiral's long 
and short tangents. Once X and Y have been 
calculated, the long tangent LT from TS to 
spiral PI and short tangent ST from spiral PI to 
SC can easily be found by right-triangle 
trigonometry, as shown in Figure 25-15, giving 

Table 25-4. Exact spiral deflections for Example 25-5 

Station /j, 

TS = 124 + 30.46 0.00 0°00'00" 
124 + 50 19.54 0°03'16.9" 
125 + 00 69.54 0°41'33.6" 
125 + 50 119.54 2°02'48.7" 
126 + 00 169.54 4°07'02.1" 

SC = 126 + 30.46 200.00 5°43'46.5" 

and 

LT = X - Y tan 11, 

Y 
ST=-­

tan 11, 

(25-44) 

(25-45) 

With the instrument on the SC, a backsight 
to the spiral PI provides proper orientation 
along the local tangent. At each point on a 
spiral, a local circle can be constructed having a 
common tangent with the spiral and radius 
equal to the spiral's at that point At the TS, 
radius is infinite and decreases to Rc at the 
SC. Between these points, the radius decreases 
in inverse proportion to length from the TS. 
For a point a distance I from the TS, 

(25-46) 

where r1 is the instantaneous spiral radius and 
hence the radius of the local circle. 

Spiral deflections are based on the princi­
ple that a spiral departs from any local circle at the 
same rate as from the tangent at the TS. For 
Example, in Figure 25-16, the offset a l at a 
point 50 ft down the tangent equals the offset 
from the local circle to the spiral 50 ft from 
the place where the circle is constructed. Like­
wise, offsets a2 and a3 are equal. The angular 
size of the offsets is readily calculated by the 

Approximate Exact 
Deflection C" Deflection 

0.0 0.0 0.0 
0°01'05.6" Neg. 0°01'05.6" 
0°13'51.2" Neg. 0°13'51.2" 
0°40'56.2" 0.03 0°40'56.2" 
1°22'20.7" 0.22 1°22'20.5" 
1°54'35.6" 0.58 1°54'34.9" 
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x 
LT 

~~~~==:------­
TS YsiIL:1s 

Figure 25-15. Spiral layout from SC. 

standard deflection angle relations for a spiral, 
as follows: 

~ 
d = ~ -G" 

50 3 

~ 
d - ~ -G" 

100 - 3 

~150 " 
d l50 = -3- - G ,etc. 

Angular deflections are equal whether mea­
sured from a tangent or local circle. 

50' 50' 

-----50' 

Figure 25·16. Theory of local circles. 

\ 
\ 
\~ 
\ 
\ 

Deflection to 
local circle 

In Figure 25-15, the local circle at the SC 
has radius Re' To set a point distance x from 
the instrument, first turn a deflection angle d x 

from the local tangent to the local circle. 
Then, sight back to the spiral using a deflec­
tion angle computed as if the instrument were 
at the TS. The total angle to turn is the dif­
ference between these two deflections, as 
follows: 

d x = dxOocai circle) - d/spiraI) (25-47) 

50' 
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25.18. VERTICAL ALIGNMENT 

Figure 25-17 has two plotted profiles: (1) the 
original ground along a route's base line and 
(2) pro file grade of the proposed base line itself. 

Mter station stakes are set on the proper 
horizontal alignment, a profile survey deter­
mines ground elevation at each station stake 
and distinct breaks in grade between stations. 
Differential scales are chosen, such as 1 in. = 

50 ft for stationing and 1 in. = 5 ft for eleva­
tions, giving vertical exaggeration to show eleva­
tion changes more clearly. 

Using the original ground profile, a de­
signer then lays down trial vertical tangents for 
the proposed base line in an attempt to opti­
mize construction costs versus serviceability of 
the route in terms of percent grade, earthwork 
cuts and fills, and sight distances at crests. 
Vertical tangents meet a PVs, points of vertical 
intersection, with each having a chosen PV1 
station and elevation when the design is final­
ized. The plus and minus vertical tangent 
grades are then computed. At each PV1, a 
vertical curve is chosen to provide gradual tran­
sition of the grade as a vehicle travels from 
one vertical tangent to the next. The main 
design choice is curve length L, the horizontal 

138 Vertical curve #1 L = 250 ft 

136 - -'It: 'It: 

U -134 :> :> 
~ 

p.. 

132 

130 

distance from the point of vertical curvature 
PVC to the point of vertical tangent PVT. 

25-19. VERTICAL CURVE 
PROPERTIES 

Figure 25-18 indicates four types of vertical 
parabolic curves: (1) sag, (2) summit, (3) rising, 
and (4) falling. Grades of vertical tangents are 
termed g I for the incoming grade and g 2 for 
outgoing, usually expressed in percent. The 
curve's horizontal projection, length L, is in 
either ft or stations, but stations will be used in 
this discussion for computational convenience. 

At the PV1, A represents the total tangent 
deflection expressing the total change in grade 
between tangents found by the algebraic expres­
SIOn 

(25-48) 

Positive A indicates an increase in pOSItIve 
grade as a vehicle travels the curve, whereas a 
negative A denotes an increased negative 
grade. For positive A's, the curve is above the 
tangents and vice versa. 

Most curves are equal-tangent vertical curves 
consisting of arcs of vertical-axis parabolas. As 

Vertical curve #2 

L = 125 ft 
~ ~ ~ 
U 
:> - E-< 
p.. :> :> p.. ~ 

128 -.." --_--t'i 

"- ~-126 " " / 
124 V 

0+0 1+0 2+0 3+0 4+0 5+0 6+0 

Figure 25-17. Profiles. 



Length 300' = 3 Sta. 

(a) 

Length 400' = 4 Sta. 

(c) 
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'),~~ 
X 

~/ I ...... ~ _______ ~_I «S~'J% ._ Length 500' =5 Sta. _. 

(b) 

Length 600' = 6 Sta. 

g2 = -IOfo 

(d) 

FIgUre 25-18. Example vertical curves. (a) Sag curve. (b) Crest of summit curve. (c) Rising curve. (d) Falling curve. 

shown in Figure 25-19, the horizontal distance 
between projections from a and b is the curve's 
length L, and the PVI's projection splits L 
into "equal tangents" of L/2. 

Another important property of parabolas is 
that the rate of change of grade is constant. For 
example, in Figure 25-20, a vehicle enters a 
five-station (500-ft) vertical curve at + 2% and 
leaves at - 3%, thereby experiencing a total 
change of - 5%. Since the curve is five sta­
tions long, the vehicle changes its grade by 
- 5% in five stations or - 1 % per station. This 
grade change per station, termed r, is calculated 
by 

A 
r= -

L 
(25-49) 

with A being the curve's total grade change in 
percent and L in stations. 

An additional important property states that 
a parabolic curve's external distance E always 
equals its middle ordinate M. As shown in 
Figure 25-21, E is the vertical distance from 
the PVI to the curve and its middle ordinate 
M terminates on the long chord's midpoint. 
Since the chord midpoint's elevation is the 
average between the PVC and PVT elevation, 
E is calculated from the following: 

E = ~ ( PV1 elevation 

_ PVC elevation +2 PVT elevatiOn) 
(25-50) 
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PVI 

Figure 25-19. Equal-tangent property of curves. 

25-20. COMPUTING CURVE 
ELEVATIONS BY FORMULA 

Elevations of points on vertical curves can be 
calculated directly by algebraic formula. In 
Figure 25-22, a coordinate system is estab­
lished with the Y-axis placed through the 
PVC and X along the elevation datum. Y­
coordinates denote elevations and the X val­
ues represent horizontal distances from the 

1 Sta. 1 Sta. 1 Sta. 

L=5 Sta. 

Figure 25·20. Constant rate of grade change. 

PVI 
.........,..... 

// Ii ...... · .............. 
~// ....... , 

1M _______ ....l.. ______ _ 

Figure 25·21. External equals middle ordinate. 

PVC in a general formula, as follows: 

y = tr X 2 + g j X + PVC elevation (25·51) 

where Y is the curve point elevation in ft, X 
the number of stations from the PVC to the 
curve point, r equals the rate of grade change 
= AIL = (g2 - gj)IL, and gj is the incom­
ing tangent percent grade. 

The second term gj X is the rise (or fall) of 
the incoming tangent in ft over the distance 
spanned by X, and when added to the PVC 
elevation (third term) gives the tangent eleva­
tion above (or below) the curve. The first term 
tr X 2 represents a vertical offset from the 
tangent to the curve. 

Two alternate sets of units can be used in 
the calculation: (1) X and L in ft, with grades 
as decimals or (2) X and L in stations, with 
grades in percent. The latter is used in this 
presentation. 

./!,xample 25-6. For a vertical curve, five stations 
in length, PVI station 56 + 25, PVI eleva­
tion 155.00 ft, gj = + 2.00, and g2 = 

Y=elev. 
Tangent elev. 

Y 

Elev. PVC 
x 

x 

Figure 25·22. Vertical curve coordinate system. 



- 3.00, compute the curve elevations for 
each full station on the curve. 

Using the equal-tangent property, we can 
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The remaining calculations are summarized in 
Table 25-5. 

calculate the PVC and PVT stations by de- 25-21. 
creasing and increasing the PVI station by tL. CURVE ELEVATION OFFSETS 

BY PROPORTION 
PVC station = PYI station - tL 

= 56 + 25 - 250 = 53 + 75 

PVT station = PYI station + t L 

= 56 + 25 + 250 = 58 + 75 

Elevations of the PVC ad PVT are now calcu­
lated, as follows: 

PVC eley. = PYI eley.- gl(~L) 

= 155.00 - (2.00)(2.50) = 150.00 ft 

PVT eley. = PYI eley. + g2( tL) 

= 155.00 + (-3.00)(2.50) = 147.50ft 

The rate of grade change is 

g2 - gl 
r = -- = (- 3.00 - 2.00)/5.00 

L 

= - 1.00% per station 

For a desired curve point, say, station 54 + 00, 
X is first determined 

X54 = (54 + 00) - (53 + 75) = 0.25 stations 

Then, Y is found by the following formula: 

Y54 = t( -l.00)(0.25 2 ) + (+2.00)(0.25) + 150.00 

= 150.469 ft 

When computations are done with a hand-held 
calculator, the offsets from a tangent to curve 
can also be computed by proportion, based on 
the property of a parabola: Offiets from a tan­
gent to a parabola are proportional to the squares of 
the distances from the point of tangency. Since the 
offset to the curve's center is E at a distance of 
L/2, other offsets are computed by this pro­
portion 

(25-52) 

For example, the offset for station 54 + 00 in 
Example 25-6, which the formula gives as 
- 0.031, could also be calculated by first find­
ing the external E 

1 ( 150.00 + 147.500) 
E = '2 155.00 - 2 = 3.125 ft 

and then using Equation (25-52) for an X of 
0.25, as follows: 

2 Offset54 = 3.125(0.25/2.50) = 0.031 ft 

Table 25-5. Calculation of curve elevations for Example 25-6 

Curve 
Point Station X(sta.) Elevation PVC g2 X Tangent Elevation Offset Elevation 

PVC = 53 + 75 0.00 150.00 0.00 150.000 0.000 150.000 
54 + 00 0.25 150.00 0.50 150.500 -0.031 150.469 
55 + 00 1.25 150.00 2.50 152.500 -0.781 151.718 
56 + 00 2.25 150.00 4.50 154.500 -2.531 151.969 
57 + 00 3.25 150.00 6.50 156.500 -5.281 151.219 
58 + 00 4.25 150.00 8.50 158.500 -9.031 149.469 

PVT = 58 + 75 5.00 150.00 10.00 160.000 -12.500 147.500 
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25-22. UNEQUAL-TANGENT 
VERTICAL CURVES 

When design requirements indicate that a 
single equal-tangent curve will not suffice, an 
unequal-tangent curve may be used. Tilting a 
full parabola's axis will shift the PVI away from 
the midpoint between the PVC and PVT, giv­
ing unequal "tangents." However, doing so 
will complicate the mathematics considerably. 

A true unequal-tangent parabola can be 
closely approximated by compoond vertical 
curves, whereby two equal-tangent curves are 
joined at the PVI station at a point of compound 
vertical curvature (PCVC). At that point, r 
changes from the first vertical curve's value to 
that of the second curve. 

Figure 25-23 shows a compound vertical 
curve fitted between the same tangents of 
Example 25-6. Points A and B are the PVIs of 
equal-tangent curves and located at midpoints 
of their respective tangents. The PCVC is verti­
cally below the PVI and has an elevation found 
by proportion between A and B. The grade 
from A to B is the same as that from the PVC 
to PVT, which may be easily calculated. 

PVI 

Figure 25-23. Unequal-tangent vertical curve. 

Two equal-tangent curves can now be com­
puted, one between PVC and PCVC, and the 
other between PCVC and PVT. 

25-23. HIGH OR LOW POINT OF A 
VERTICAL CURVE 

Vertical curve high or low points, sometimes 
termed "turning points" occur when the 
curve's tangent has zero grade. To calculate 
the turning-point station, use the constant 
grade change property of a parabola. A vehi­
cle enters a curve at grade gl and must rotate 
that amount to become level at the turning 
point. Since it rotates at constant rate r% per 
station, dividing r into g I gives the number of 
stations required to level the vehicle, as fol­
lows: 

x = -gl 
tp r (25-53) 

where Xtp is the number of stations beyond 
the PVC to the turning point, g I the incoming 

Grade = giLl + g2L2 

LI+L2 



percent grade, and r the rate of grade change 
in percent per station. The negative sign will 
make the sign of Xtp positive if the proper 
algebraic values of other terms are used. 

Example 25-7. For the previous five-station 
curve with gl = + 2.00% and g2 = 

- 3.00%, find the station of the turning 
point. 

First, calculate r. 

Then, 

A 
r = - = [-3.00 - (+2.00)1/5.00 

L 

= -l.OO%/station 

Xtp = -2.00/- 1.00 = 2.00 stations 

Xtp is added to the PVC station for a turning­
point station of 55 + 75. Its elevation can be 
found by another application of the curve 
elevation formula, Equation (25-51). 

25-24. PASSING A VERTICAL 
CURVE THROUGH A FIXED 
POINT 

In some design situations, a curve with tan­
gents of fixed percent must pass through a 
point P of fixed station and elevation. To find 
the needed length L, the proportional offsets 
property of the parabola presented in Section 
25-17 is employed. The property holds whether 
offsets are measured from the same tangent or 
different ones as long as horizontal distances 
are measured from the proper tangent point. 
Applied to this problem, the relation gives 

(25-54) 
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where ° 1 equals the offset from the g 1 tan­
gent, 02 is from g2' m is the horizontal dis­
tance from the PVI to P, L/2 - m equals the 
distance from the PVC to P, and L/2 + m is 
from the PVf to P. Distance m is positive 
when P is left of the PVI and negative right. 
The proper algebraic sign will result from the 
following: 

m = PVI station - P station (25-55) 

Offsets °1 and 02 are easily calculated before 
applying Equation (25-54) by determining the 
two tangent elevations at P. Subtraction of 
these from P's elevation will give the offsets, as 
follows: 

01 = P elevation - tangent elevation 1 

02 = P elevation - tangent elevation2 

Solving Equation (25-54) gives the unknown L 
directly 

L ~ , .. 1 - (:: r (25-56) 

Tang. elev. 2 

Figure 25-24. Passing a curve through a fixed point. 



650 Route Surveys 

Example 25-8. In Figure 25-24, incoming and 
leaving tangents of - 1.00% and + 3.00% 
meet at a PVI of station 150 + 00 and eleva­
tion 531.00 ft. Find the length L of the 
vertical curve that passes through point P of 
station 148 + 00 and elevation 535.00 ft. 

Calculations follows these steps 

m = (150 + 00) - (148 + 00) = +2.00 stations 

tangent elevation 1 = PVI elevation - g 1 m 

= 533.00 ft 

tangent elevation 2 = PVI elevation - g2m 

= 525.00 ft 

01 = P elevation - tangent elevation 1 = 2.00 ft 

02 = P elevation - tangent elevation2 = 10.00 ft 

offset ratio = 01/02 = 0.2000 

square root of offset ratio = 0.20001/ 2 = 0.4472 

and 

L = 2m(1.4472/0.5528) = lO.473 stations 
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26---
Hydrographic Surveying 

Capt. Donald E. Nortrup 

26-1. INTRODUCTION 

Hydrographic surveying is the wet equivalent 
of topographic surveying. Its objective is to 
delineate the shape of a portion of the earth's 
surface concealed by water. The surface being 
mapped cannot be observed directly or occu­
pied, so it is necessary to infer topography 
from depth measurements. Simply, it is the 
process of deducing underwater topography 
from numerous discrete observations of depth 
at positions throughout the survey area. The 
quality of its product depends on the accuracy 
and density of these observations. 

Hydrographic survey operations are under­
taken to: 

1. Provide basic data for nautical charting 

2. Obtain site detail for alongshore or offshore 
construction 

3. Assess condition of port and marina facilities 

4. Measure quantities in dredging projects 

5. Determine extent of siltation and for 
numerous other reasons 

Regardless of the purpose, magnitude, or scale 
of the survey, the principles remain the same. 
Identical basic measurements are required and 
topography is inferred. 

As a source of data for nautical charting, 
hydrographic surveying is generally under­
taken by agencies of the world's maritime 
nations. Standards and procedures for these 
surveys are codified in manuals in the U.S. 
National Ocean Survey's (NOS) Hydrographic 
Manual, 4th edition l . Although the following 
discussion draws heavily on nautical charting 
procedures, treatment is rudimentary and in­
tended as a guide for occasional hydrographic 
surveyors. Anyone undertaking such surveys 
on a regular or extensive basis should obtain 
one of the charting agency manuals. 

26-2. PHASES OF HYDROGRAPHIC 
SURVEYING 

The execution of a hydrographic survey can 
be divided into four components: (1) prelimi­
nary office preparations, (2) preliminary field 
work, (3) sounding operations, and (4) data 
preparation. 

26-2-1. Preliminary Office 
Preparations 

Prospective hydrographic surveyors should 
gather as much information as possible re-

651 
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garding the survey area. It is essential to 
obtain descriptions and positions of all hori­
zontal control in the vicinity. Other valuable 
materials include topographic maps, prior hy­
drographic surveys, aerial photography, mete­
orological characteristics, etc. Project specifi­
cations will dictate survey scale, minimum 
sounding density, required positioning fre­
quency, vertical datum, and horizontal control 
references system. 

Survey requirements must be thoroughly 
examined and understood. The area to be 
surveyed has to be clearly defined, particularly 
the inshore limits. It is far more expensive and 
time-consuming to survey to the shoreline than 
to some depth contour at which a sounding 
vessel can safely navigate. If streams enter the 
survey area, determine the upstream extent of 

Figure 26-1. Sheet layout on planning base 
map. 

the project tract. It is beneficial to obtain a 
relatively large-scale map depicting the entire 
survey area and mark on it the survey area 
limits. This will be a valuable reference 
throughout the planning process. 

Field plotting sheets used during sounding 
operations are prepared at survey scale using a 
convenient projection or plane coordinate 
grid. The NOS, prior to the advent of 
computer-generated projections, utilized the 
polyconic projection because of its relative ease 
of manual construction and low distortion. 
Several plotting sheets will normally be re­
quired to depict an entire survey area. The 
location and coverage of each sheet are deter­
mined by developing a sheet layout, as de­
picted in Figure 26-1. A sufficient overlap be­
tween adjacent sheets should be provided to 



ensure sounding and depth-contour continuity 
across junctions. Typical survey scales for nau­
tical charting surveys range from I: 50,000 
and smaller in open coastal waters, to 1 : 10,000 
in channels and waterways, to 1: 5000 and 
larger in harbors. 

Preparation of a comprehensive sounding 
plan will expedite field work. Typically, sound­
ing operations involve measuring depths along 
lines traversed by a sounding vessel, each line 
yielding a bottom profile. The sounding plan 
consists of a predetermined set of sounding 
lines. The lines are oriented to cross bottom 
contours at between 45 and 90° to facilitate 
definition of bottom topography. Required 
sounding density is normally specified in terms 
of line spacing, generally 1 em at survey scale 
-e.g., 50-m line spacing at 1: 5000 scale. 
Soundings are plotted along lines at intervals 
of one-half their spacing. The plan can be 
transferred to the field sheets to guide boat 
crews. 

Positioning afloat is relative and transient. 
It is relative to the extent that all positioning 
methods involve observations on, or measure­
ments from, reference points of known loca­
tion. Positioning is transient in that, once de­
termined, the position cannot be precisely 
reoccupied, as in land surveying. The selection 
of a positioning method determines the num­
ber and type of shoreside reference points 
needed to support a survey. A well-prepared 
positioning plan is critical to the expeditious 
execution of sounding operations. The plan 
should include (1) the method of positioning 
throughout the survey area, (2) identification 
of existing horizontal control points, (3) sites 
for establishing additional control points, and 
(4) an observation scheme to locate them. 
Positioning afloat is treated as a separate topic 
later. 

As in any survey activity, a logistics plan is 
necessary. Support for the shoreside portion 
of a survey-i.e., recovering and extending 
horizontal control-is similar to that of other 
land surveys. In addition, a hydrographic sur­
vey requires the service and support of a 
sounding vessel that is (1) large enough to 
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safely accommodate the needed personnel and 
equipment including, if possible, space to plot 
on the field sheet as operations proceed; (2) 
small enough to maneuver in restricted por­
tions of the survey area; (3) able to provide 
adequate electrical power to operate the sur­
vey instruments; and (4) possessed of sea­
keeping and endurance capabilities commen­
surate with the survey area. Sounding vessels 
range from open skiffs operating around piers 
and wharfs, to 30-ft launches sounding in 
channels and bays, to 200-plus-ft ships in off­
shore ocean operations. 

It is necessary to arrange berthing or 
launching accommodations for the sounding 
vessel and ensure a fuel supply. To the extent 
possible, berthing should be secured close to 
the survey area. Unnecessary transit to the 
working area wastes both time and fuel. 

A preliminary survey area inspection, after 
initial plans have been developed, but before 
actual field work begins, will reveal planning 
weaknesses while the cost of making changes is 
minimal. During this inspection: 

1. Water-level monitoring sites are visited and 
their suitability evaluated for installation of 
intended gages. If tidal bench marks exist, 
they are recovered. 

2. Horizontal control marks critical to the posi­
tioning plan are recovered to ensure their 
availability. 

3. Sites intended for use as reference points 
are visited and their suitability evaluated. 
Visibility into the survey area is checked to 
ensure that installation will provide the in­
tended coverage. Availability of electrical 
power, if needed, is assessed. 

4. Access to needed sites ashore is obtained 
from property owners. 

5. Logistical support arrangements are made. 

26-2-2. Preliminary Field Work 

Before beginning sounding operations, it is 
necessary to establish some shoreside refer­
ence points and install the water-level moni-
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toring facility. Magnitude of the horizontal 
control effort is dependent on the availability 
and proximity of existing control and the 
positioning system to be used. For large 
survey areas, it may be advantageous to con­
centrate the initial control work and provide 
sufficient reference points for only a portion 
of the survey area. This will allow sounding 
operations to begin while the control work 
continues. 

Recording water-level gages are installed as 
soon as practicable, providing an opportunity 
to ensure their proper operation prior to 
commencing sounding. A backup gage in the 
survey area ensures against gaps in the water­
level record should either gage malfunction. If 
the survey area is non tidal, water-level moni­
toring only during period of sounding opera­
tions is adequate. 

26-2-3. Sounding Operations 

Water depth measurements are made as a 
vessel transits lines designated by the sounding 
plan. Depending on the positioning and 
sounding systems in use, the vessel may stop at 
designated points to observe its location and 
the depth, or it may proceed along the line at 
a constant speed obtaining both soundings 
and positions at predetermined time intervals. 

Sounding vessel supplies include (1) depth 
measurement and positioning equipment, (2) 
the field plotting sheet, (3) plotting devices, (4) 
a clock, and (5) the ubiquitous record book 
(sounding volume). The field sheet should de­
pict the projection graticule, sounding plan, 
survey limits, all positioning reference points 
with their identifiers and descriptions, and an 
electronic positioning lattice, if appropriate. 

The simplest sounding plan consists of a set 
of discrete observation points combined with 
positioning parameters for each. The sound­
ing vessel simply proceeds from point to point, 
recording at each the time, measured depth, 
and position parameters. 

Continuous sounding operations begin by 
bringing the vessel near the starting point of a 
sounding line. This may require observing and 

plotting several "trial" positions until the ves­
sel is properly located on the line. Sounding 
operations begin when vessel speed is con­
stant. Each sounding line begins with a posi­
tion observation. The first record book entry 
reflects the observation time, measured depth, 
and position parameters. It is helpful if the 
vessel's speed and heading or some form of 
line identifier, are also noted. Sounding data 
are indexed by assigning a "position number" 
to each observation of position parameters. In 
addition to recording observations, the vessel's 
position is plotted on the field sheet and iden­
tified by position number (Figure 26-2). If 
depths are being measured by a recording 
echo sounder, it is imperative that each posi­
tion event be marked on the sounder record 
and labeled by position number and time. 

Events are repetitive as the vessel proceeds 
along the sounding line. As each time­
dependent sounding interval elapses, a depth 
observation is made and recorded along with 
its time. Positions may be observed for each 
sounding or at some appropriate multiple of 
the sounding interval. A position determina­
tion is generally required at least every 2 to 4 
cm along the plotted line. Each position is 
assigned a number and recorded and plotted. 
This process continues until the line is com­
pleted. A position is observed at the end of 
each line, as at the beginning. Course and 
speed changes may be made as the vessel 
proceeds along a line. It is imperative that all 
such changes be noted in the record book 
along with the time. 

The sounding vessel continues from one 
sounding line to the next in accordance with 
the prepared plan. A surveyor continuously 
checks the plot to ensure that the sounding 
and position intervals meet requirements. On­
line adjustments of these intervals are possible, 
but changing speed may be more efficient. 

It is extremely difficult to position and ma­
neuver a vessel onto and along predesignated 
sounding lines without some form of guidance 
to assist the ship operator. This can be pro­
vided by following temporary ranges, main-
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taining constant range from an electronic 
ranging station, or by a number of other 
methods that depend on the positioning 
method in use. Possible methods of track con­
trol are discussed later. 

At the end of each sounding day, plotted 
positions are checked for accuracy, soundings 
added to the field sheet, and preliminary depth 
contours constructed. Spacing between succes­
sive positions is checked for consistency and 
reasonableness. For observations made at reg­
ular intervals with uniform vessel speed, spac­
ing between plotted positions will be constant. 
Conversely, any variation in spacing should 
correspond to a change in vessel speed or time 
between observations. Errors in observing or 
plotting result in inconsistent or unreasonable 
relationship with preceding and succeeding 
positions. The record book is checked for 
completeness; the entire plot should be repro­
ducible from the record book alone. 

Observed depths are corrected, as nearly as 
possible, to the vertical datum reference prior 
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to plotting. Depths observed between positions 
are located along sounding lines by time inter­
polation between positions. 

It is important to construct preliminary 
depth contours on a day-by-day basis. In this 
early phase, the contour interval should be 
sufficiently small to bring all plotted soundings 
into consideration. Any anomalous appearing 
contours indicate errors in the sounding data 
and/or the need for additional field observa­
tions. 

If additional sounding operations are 
needed to adequately delineate a portion of 
the survey area, lines may be added to the 
sounding plan between the existing ones. This 
process of "splitting" sounding lines can be 
repeated until their spacing is sufficiently close 
to provide confidence in the contours. If a 
small and/or isolated feature is to be investi­
gated, it may be advantageous to run sounding 
lines forming rays that intersect at the feature's 
location. This method concentrates soundings 
at the point in question. 
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In the final analysis, the quality of a hydro­
graphic survey is a function of the confidence 
with which the hydrographer is able to con­
struct depth contours. 

26-2-4. Data Presentation 

When field work is complete, results of the 
survey must be communicated to the user in 
an understandable, comprehensive, and reli­
~ble data package. This package will be com­
prised of four components: (1) a final graphic, 
(2) sounding records, (3) ancillary records, and 
(4) a narrative report. 

The final graphic depicts survey data in a 
form that allows the user to visualize under­
water topography. It corresponds in both scale 
and coverage with the plotting sheet used dur­
ing field operations and depicts essentially the 
same information. Whereas the field sheet is a 
working document, the final graphic is "for 
the record." 

Except when data density precludes clear 
representation, all recorded depth measure­
ments, with final correctors applied, are plot­
ted. When clear representation is impractica­
ble, only critical depths, usually least depths, 
are included. Contours are constructed to fa­
cilitate visualization of topography without 
cluttering the presentation, thus allowing 
greater intervals between them than on the 
field sheet. Although the locations of position­
ing reference points should be shown, the 
inclusion of electronic control lattices is not 
necessary. Shoreline details may be included if 
available. Depending on the purpose of the 
survey, other items that might be depicted are 
(1) floating aids to navigation (buoys); (2) haz­
ards to navigation (rocks, reefs, wrecks, etc.); 
and (3) bottom material (sand, mud, etc.) 

Sounding records include measurements 
and observations made in the process of actu­
ally acquiring depth information. Such data 
are contained in the survey record books and 
include depth measurements with associated 
time of observation and position data, posi­
tioning system initialization comparison data 
and resultant correctors, and any other infor-

mation that could affect the final depth 
and/ or position information. Sounding 
records should be so complete that the final 
graphic could be reproduced by an indepen­
dent party from the records alone. 

Ancillary records are those documents from 
which portions of the sounding records are 
derived. Included in this component are ana­
log echo-sounder traces, analog water-level 
gage traces, horizontal control records sup­
porting reference-point locations, computa­
tions of sound velocity and transducer depth 
correctors, and other supporting materials. 
All records must be unambiguously cross­
referenced, by time or position number, to the 
sounding records. 

A narrative report is prepared for each sur­
vey to document the methods, equipment, and 
qualitative observations. This report describes 
the following: 

1. Sounding vessels used 

2. Depth-measuring equipment employed and 
methods of corrector determination 

3. Horizontal control scheme and procedures 
used to locate reference points 

4. Vessel-positioning system, 
initialization/ calibration methods, and cor­
rector computation routine 

5. Survey area characteristics that might be of 
value to a user but are not depicted on the 
final graphic 

26-3. POSITIONING AFLOAT 

Sounding vessel position is determined by 
measurements made from or to reference 
points (RPs) of known location. Such measure­
ments define lines of position (LOPs) along 
which the vessel is located. The point of inter­
section of two or more simultaneously deter­
mined LOPs defines the vessel's location. 

Measurement of distance to an RP or the 
angle between two RPs defines a circular LOP. 
Measurement of bearing to, or azimuth from, 
an RP or observations of two RPs on range 
yield straight LOPs. Measurement of the dif-



ference between ranges to two RPs produces 
hyperbolic LOPs. 

Dissimilar as well as similar LOPs may be 
combined to define a position. In the interest 
of accuracy, LOPs with intersection angles 
smaller than 30° should be avoided. At small 
intersection angles, minor errors in measure­
ment cause relatively large displacements in 
plotted positions. 

26-3-1. Positioning by Tagline 

Tagline positioning, illustrated in Figure 
2&-3, has limited application but can be quite 
expedient when appropriate. It is used almost 
exclusively in delineating water depths along­
side vessel mooring facilities-e.g., piers, 
wharfs, and bulkheads. 

Positioning is accomplished by projecting a 
LOP, corresponding with a sounding line, into 

Sounding lines 
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the survey area. A sounding vessel then pro­
ceeds along the line measuring depths at pre­
determined distances from an RP. 

This method requires establishing a base 
line along a structure adjacent to the survey 
area. RPs are located along the base line at 
intervals corresponding to the desired line 
spacing. Distance measurements to the sound­
ing vessel and projection of the sounding 
line/LOP are made from these RPs. Depend­
ing on the survey's purpose, the base line may 
serve as a stand-alone reference for the survey 
or be connected to an extended horizontal 
control network. 

Several methods exist for projecting sound­
ing line/LOPs into a survey area. Lines begin­
ning at RPs A and B in Figure 2&-3 are 
projected by providing artificial ranges AL 
and BM. Each of the RPs requires marking 
with objects clearly visible over the entire line. 

Pier? 
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Figure 26-3. Positioning by taglirie. 
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When viewed from a vessel, the objects repre­
senting points A and L will be coincident or 
exhibit no horizontal displacement if the ves­
sel is on the desired line. When using ranges, 
it is desirable to have relatively large horizon­
tal displacement between the range markers, 
preferably equal to or greater than the sound­
ing line length. 

Lines beginning at RPs C and D are pro­
jected by occupying the points with an angle­
measuring instrument (a sextant is appropri­
ate) and setting off a predetermined angle 
from a remote RP. The vessel is then guided 
onto and along the line by an observer. The 
remote RP should be relatively distant to keep 
resulting lines virtually parallel. 

Lines beginning at RPs E, F, and G are 
projected by simply stretching a guideline be­
tween the end points of the lines. The vessel 
then moves along it. 

Regardless of the line-projecting method, 
distance measurements are similar. Using a 
cloth tape or similar device, a vessel measures 
the distance from the base line .as it proceeds 
along the sounding line. 

Record books should be set up so that each 
position is defined by line parameters and 
distance from the base line. Because the 
sounding vessel occupies predesignated points, 

~A 

the position plot and sounding plan are the 
same. 

26-3-2. Three-Point Sextant Fix 

The three-point sextant-fix method of posi­
tioning, illustrated in Figure 2~, is broadly 
applicable, accurate, reliable, and requires a 
minimum investment in equipment. The 
method can be used in almost all waters within 
visual range (approximately 5 km) of the 
shoreline. 

A circular LOP is defined by measuring the 
angle between two RPs from a vessel, using a 
sextant in the horizontal position. Simultane­
ous observations of two such angles, sharing a 
common center RP, yield two LOPs whose 
intersection defines the vessel's position. This 
positioning method requires a large number 
of RPs ashore to provide good-fix geometry 
throughout a survey area. Reference points 
may be required at as small as lOO-m intervals 
along the shoreline. It is imperative that each 
RP be located accurately, relative to all the 
others. An erroneously located RP results in 
anomalous shifts in plotted positions along 
sounding lines, as combinations of RPs are 
shifted from set to set. 

Figure 26-4. Positioning by three.point sextant fix. 



To make RPs visible from a vessel, it is 
necessary to construct signals over them. These 
may vary from banners of a few square feet of 
brightly colored cloth to tripods or tepees 
similarly covered and as high as 16 ft. Existing 
landmarks can be located and serve as RPs 
along with intersection stations having known 
positions. 

For each position observed by this method, 
the record book should reflect the position 
number, time, identity of RPs, and angles 
observed (see Figure 26-5). Reference points 
and angles are always recorded in the same 
sequence-i.e., if RPs are listed from left to 
right as viewed from the vessel, then angles 
are recorded in that order. 

The three-point sextant fix is a counterpart 
to resection in horizontal control surveying. As 
such, vessel position can be computed analyti­
cally. A much more expedient field plotting 
method is provided by the three-arm protrac­
tor (see Figure 26-6). This device is made of 
transparent plastic with one fixed and two 
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Figure 26-5. Record book. 
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movable arms radiating from the center of a 
circular disk. Each arm bears a finely etched 
line along its length, intersecting at the pro­
tractor's center. The protractor's arc is scaled 
left and right of the fixed arm from 0 to 180°, 
and e,ach movable arm carries a small vernier. 

The observed angles of a three-point fix are 
set, left and right, respectively, on the protrac­
tor by positioning the movable arms on the 
arc. Use of the vernier permits adjustment to 
within I' of arc. The protractor is placed on 
the plotting sheet and adjusted until the 
fixed-arm etched line passes through the plot­
ted location of the center RP, and the movable 
arms pass through the left and right RPs, 
respectively. When properly positioned, the 
protractor center represents a vessel's posi­
tion. A hole is provided at the center of the 
protractor so its position can be marked on a 
plotting sheet. 

Properly executed, the three-point sextant­
fix method is capable of producing positions 
with an accuracy of approximately 1 m per km 
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Figure 26-6. Three-arm protractor. 

of range from the RPs. Sextants, like all other 
instruments, must be properly adjusted as 
described in standard navigation references. 
Observers should stand as close together as 
possible when measuring angles and make ob­
servations simultaneously. Reference points 
should be at approximately the same eleva­
tion. 

The intersection angle of the LOPs is a 
function of the RP configuration chosen. 
Choosing which RPs to observe for each posi­
tion is a critical element of the method. In the 
worst case, when the three RPs and vessel lie 
on a common circle, an indeterminate solu­
tion results. Although judicious selection of 
RPs is basically an acquired skill, a few gener­
alizations are helpful. Good RP configuration 
results when the following occur. 

1. The vessel lies inside a triangle formed by 
the three RPs. 

2. The center RP lies between the vessel and a 
line drawn between the other two. 

3. One angle changes rapidly as the vessel 
progresses. 

4. The distance between the center RP and 
each of the others exceeds the distance be­
tween the vessel and center point. 

Except in the case where two RPs form a 
range, angles smaller than 30° should be 
avoided. 

Control of the vessel track is difficult with 
this method. It is theoretically possible to ma­
neuver a vessel along a circular LOP by hold­
ing one angle constant. A more practical 
means of track control is to follow the boat 
compass and timing turns, although the result 
is guidance rather than control. 

The lack of practical track control is one 
weakness of the method. Among others are its 
high manpower requirement and vulnerability 
to human error, the time required to obtain 
and plot each position, and dependence on 
visibility. 

26-3-3. Azimuth Intersection 

This positioning method, illustrated in 
Figure 26-7, can be used in areas within visible 



Figure 26-7. Positioning by azimuth intersection. 

range of the shoreline. Like the three-point 
sextant fix, it is reliable, accurate, and likely to 
require little additional investment in equip­
ment. 

Straight LOPs are defined by measuring the 
angle at an RP between a second RP and the 
vessel. Two such LOPs intersecting at an angle 
between 30 and 150° are required to define 
the vessel's position. Angles are measured us­
ing simple theodolites to within l' of arc. 

The method requires additional logistical 
support to occupy the RPs and reliable, 
interference-free radio communication be­
tween the vessel and observers. Measurements 
are made simultaneously at a time tick, or 
mark, radioed from the vessel and observed 
directions then radioed back to and recorded 
on the vessel. 

Because RPs are occupied, changing them 
becomes more time-consuming and cumber­
some. Pairs of RPs should be carefully picked 
to provide geometrically strong positioning 
through the survey area during development 
of the positioning plan. Fewer RPs will nor­
mally be needed than for the sextant-fix 
method. 

For each series of positions obtained from a 
pair of RPs, the record book should identify 
the occupied RPs, the RP on which each ini­
tials his or her instrument, and the initial plate 
settings. Initial settings should be checked reg­
ularly and recorded. 

For each position observed, the record book 
should reflect the position number, time, RP 
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identity, and the instrument readings. Records 
should be set up so there is no doubt in 
correlating readings and RPs. Observers may 
record the instrument readings on site to back 
up the record book. 

Azimuth intersection positions can be com­
puted analytically or plotted manually with an 
azimuth template and straightedge. A rela­
tively large circular template, graduated from 
o to 360°, is laid under the transparent plot­
ting sheet. It is centered at the RP of the 
observer and oriented so that the template's 
initial setting is on the line connecting the 
observer's RP and on which the initial sighting 
was made. Each LOP is then represented by a 
straight line from the observer's RP through 
the instrument-observed direction on the tem­
plate. It is necessary to repeat the process for 
the other LOP. 

This method suffers the inefficiency of not 
providing a system of track control. Although 
its accuracy potential exceeds that of a sextant 
fix, it is relatively inflexible and requires more 
logistical support. Both plans demand substan­
tial manpower and are limited by visibility, and 
quite vulnerable to human error. In choosing 
one method over the other, the deciding fac­
tor may be a difference in the necessary RP 
location effort versus the logistical support re­
quired by the azimuth intersection method. 

26-3-4. Range I Range 
Electronic 

Nearly all hydrographic surveys for nautical 
charting use electronic positioning methods. 
Most such systems operate in the range­
measuring mode illustrated in Figure 26-8. Al­
though expensive, electronic systems provide 
increased usable range, visibility independent, 
reduced manpower requirements, and conve­
nient track control. 

Circular LOPs are defined by measuring 
range (distance) between the vessel and RP. 
Two LOPs, resulting from simultaneous mea­
surements, intersecting at an angle between 30 
and 150°, establish a vessel's position. 

Ranges can be derived by timing the travel 
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Figure 26-ft Positioning by electronic ranging. 

of electromagnetic pulses from the vessel to 
the RP and back, then converting time to 
distance. Some systems are based on phase· 
comparison principles similar to those em­
ployed in geodetic EDMIs. Because phase­
comparison systems do not measure total 
range, it is necessary to initialize them at a 
point with predetermined system coordinates. 
These systems indicate range in terms of lanes 
(equal to one-half wavelength). Only fractions 
of lanes are actually measured, while the whole 
lane count, once initialized, is accumulated. 

Pulse signal systems operate at superhigh 
frequencies (SHF), limiting operating range to 
approximately 15 km. Line-of-sight conditions 
are required. Phase-comparison systems oper­
ate at medium frequencies (MF), with operat-

Figure 26-9. Range/range geometry. 

b 

ing ranges in excess of 150 km. Shallow LOP 
intersection angles preclude the use of 
range/range systems along the base line be­
tween the RPs and base-line extensions (see 
Figure 26-9). 

Relatively open survey areas may call for as 
few as two or three RPs to support electronic 
positioning. Complex or restricted areas can 
demand numerous RPs and frequent reloca­
tion of electronic shoreside equipment. RPs 
should provide a clear transmission path into 
the survey area, with no intervening land 
masses. Since each RP will be occupied by an 
electronic shore station, accommodation of 
the station and electrical supply become fac­
tors in RP selection. Medium-frequency equip­
ment requires substantial antenna systems, 



whereas SHF devices suffice with tripod­
mounted electronics packages. A shoreside 
power supply is convenient, but batteries can 
be used at the cost of increased logistical sup­
port. 

Additional RPs may be needed to initialize 
phase-comparison systems. Initialization can be 
accomplished by intercomparison with sextant 
fixes, azimuth intersections, or properly oper­
ating SHF positions. Once the system is cor­
rectly initialized, including the partial lane 
count, it should be checked regularly to en­
sure proper maintenance of the whole-lane 
count. For each position observed, the record 
book should reflect the position number, time, 
RP identity, and range (or lane count). 

Range/range positions are computed ana­
lytically or plotted manually using a range 
lattice and an interpolating protractor. The 
range lattice is plotted on the field sheet in 
advance of survey operations. A lattice consists 
of concentric circles around each RP at inter­
vals of 10 to 12 em, representing a fixed num­
ber of meters or lanes. An interpolating pro-
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tractor is a series of closely spaced concentric 
circles etched on a transparent medium at 
intervals corresponding to a fixed number of 
meters or lanes for the scale of the plotting 
sheet (see Figure 26-10). The protractor should 
be at least twice the diameter of the lattice 
interval. In use, the protractor is laid over the 
field sheet and maneuvered until the sum of 
the lattice-ring value and that on the protrac­
tor ring coincident with it equals the observed 
values for both ranges. 

For example, to plot the coordinates 270, 
130 the protractor is placed to make the 20 
ring coincide with the 250 lattice ring, and the 
30 ring to coincide with the 100 lattice ring of 
the other RP. The vessel's position is repre­
sented by the center of the protractor. The 
protractor is used to either add or subtract 
from lattice values. 

Although the potential for human error is 
much lower than in visual positioning meth­
ods, it is higher for systematic errors. Inaccu­
racies in initializing phase-comparison systems 
are a common source of such errors. The best, 

Figure 26·10. Interpolating protractor. 



664 Hydrographic Suroeying 

albeit expensive, means to avoid systematic 
errors is the use of redundant-i.e., three or 
more-LOPs at each position. 

26-3-5. Range I Azimuth 
This widely used method is applicable within 

visible range of the shoreline and particularly 
useful in complex areas, where sight distances 
are limited and full electronic positioning net 
deployment is impractical. It is also frequently 
used in those areas along the base line of 
range / range systems, where their accuracy is 
degraded. 

The method combines one circular LOP 
from an electronic ranging system, with an 
azimuth observed on shore (Figure 26-11). The 
observer and electronic shore station are typi­
cally colocated at the same RP, which has the 
salutary effect of producing LOPs that always 
intersect at 900 • 

Since the RP is occupied, this method re­
quires additional logistical support to get 
equipment and personnel to the site. Changes 
from one RP to another involve relocation. 
Since one observation is made on the vessel 
(range) and the other (azimuth) ashore, reli­
able communications are mandatory. 

A 
A 

F.gure 26-11. Positioning by range/azimuth. 

Reference-point requirements are relatively 
light. The entire sUIVey area must be visible 
from at least one RP, and each RP must be 
intervisible with a minimum of one other. 

For each series of positions from an RP, 
the record book should identify the RP of the 
observer/range station, the RP on which the 
instrument is initialed, and the initial plate 
setting. This setting must be checked and 
recorded regularly. Each position record 
should include the position number, time, 
range, and observed direction. 

Plotting positions can be accomplished by 
preplotting range rings around the RP and 
intersecting them with azimuths, using a tem­
plate as previously described. Interpolation of 
range is made using a metric scale. Among the 
strengths of this method are excellent track 
control and consistently good intersection 
geometry. 

26-4. DEPTH MEASUREMENT 

Measurements of depth at known positions 
provide data points from which topography is 
inferred by construction of depth contours. 
They are made either directly by a sounding 



pole or leadIine or indirectly by an acoustic 
echo sounder. 

26-4- 1. Direct Measurement 
A sounding pole is analogous to a ruler 

since it is a wooden staff, approximately 4 cm 
in diameter and 5 m long, graduated and 
marked in units of length. The pole ends are 
metal-capped to compensate for buoyancy; 
plates may be attached to them to prevent 
penetration into soft bottom material. Incre­
ments of length are marked by notches cut in 
the pole, and a distinctive color scheme is 
used to facilitate reading. 
. In use, the pole is simply lowered vertically 
mto the water until it touches bottom and is 
read at the water's surface. Although crude, 
the sounding pole is a cheap, unambiguous 
measuring device for depths up to about 4 m. 

Like a cloth tape, the lead line is a stretch­
resistant cord, graduated and marked in units 
o~ length, with an attached lead weight. A line 
WIth a corrosion-resistant and flexible wire 
(phosphor-bronze) core is preferred, although 
other materials may perform acceptably. Lead 
weights vary from 5 to 15 lb. 

. ~en~th increments are marked by attaching 
dlstmcttvely colored bunting and/or shaped 
leather strips to the line. The line is graduated 
an~ marked by comparison with a steel tape 
whIle thoroughly soaked and under tension 
equivalent to the lead weight. Daily compar­
isons with a steel tape should be made. 

For other than a wire-core line, more fre­
quent comparison with a tape or other stan­
dard is required. If stretching is detected, a 
table of correctors must be developed and 
applied 

In use, the lead line is lowered into the 
water until the weight touches bottom, and a 
reading is taken at the water's surface. Care 
must be exercised to ensure that the line is 
vertical when it is read. 

26-4-2. Indirect Measurement 
Depth measurement using an acoustic echo 

sounder is accomplished by transmitting an 
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acoustic pulse vertically into the water column 
and measuring the elapsed time until receipt 
of the echo reflected by the bottom. Elapsed 
time is converted to depth, based on the speed 
of sound in the water. 

Echo sounders register depth data either 
digitally as an analog record or by an instanta­
neous "flash" against a graduated circular 
depth scale. Flasher instruments are the least 
expensive but require manual reading at each 
sounding point and do not provide a perma­
nent record. The analog recording instru­
ments produce a graphic profile along each 
sounding line from which representative and 
critical depths can be selected for plotting. 
Digital output may be provided to supplement 
a recording instrument. 

All recording instruments provide an oper­
ator the facility to superpose an "event" mark 
on the record. When conducting survey oper­
ations, it is imperative that the vessel's position 
be correlated in time with the sounding record. 
This is accomplished by marking each position 
determination as an event on the sounding 
record and labeling it with the position num­
ber. 

All echo sounders are inherently ambigu­
ous .. They do not measure depth to a point 
verttcally beneath the vessel, except coinciden­
tally. The combination of signal frequency and 
t:ansducer geometry determines the shape and 
SIze of the acoustic wave form through the 
water. The resultant depth measurement is the 
shortest travel path to the bottom and back 
within the wave form. 

If the bottom is anything other than per­
fectly flat, the shortest distance is unlikely to 
be a vertical path. Further, any vessel motion 
deflects the wave-form axis from the vertical 
thus amplifYing ambiguity. It should be noted 
that errors introduced by these factors nearly 
always result in echo-sounding measured 
depths slightly smaller than vertical depths. 

Depths measured by echo sounder must be 
corrected for transducer depth, and any dif­
ference b~tween the assumed and actual speed 
of sound m water, to obtain actual depth. An 
echo sounder measures the distance between 
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the transducer and bottom. Because transduc­
ers are mounted well below the water surface, 
the distance between the water surface and 
transducer face must be added to each depth 
measurement. It may be possible to physically 
measure transducer depth on small vessels 
while they are out of the water. 

All echo sounders convert signal travel time 
to depth, based on a design (sometimes ad­
justable) speed of sound in water. Any differ­
ence between the design and actual speed 
introduces measurement error. The speed of 
sound in water is a function of temperature, 
density, and salinity, and varies vertically within 
the water column, horizontally with location, 
and temporally. It is possible to periodically 
measure water column parameters, compute 
actual sound velocities, and calculate depth 
correctors. 

Transducer depth and velocity correctors 
can be determined collectively by direct com­
parison of an echo sounder to a bar-check or 
vertical {lead-line} cast. This method is valid 
only when direct comparisons can be made to 
depths at least 75% of the deepest survey 
depth measurements. 

A bar check is a flat, acoustically reflective, 
negatively buoyant surface equal in length to 
the sounding vessel's beam. A stretch-resistant 
line graduated and marked in the sounding 
units of the echo sounder is attached to each 
end. The bar check is lowered beneath the 
vessel (Figure 26-12) to a specific depth and 
maneuvered directly beneath the transducer. 
An echo sounder will indicate the distance 
between the transducer and bar. With the bar 
relatively near the transducer, the difference 
between bar depth and indicated depth is the 
transducer corrector. As the bar is lowered 
and comparisons are made at deeper depths, 
changes in the difference results from sound­
velocity variation. Comparative readings are 
made as the bar is lowered and again- while 
being raised. In ideal conditions, bar-check 
comparisons can be made to depths approach­
ing 30 m. 

Depth corrector values are based on aver­
ages of repeated comparisons. Typically, bar 

checks are conducted in the survey area at the 
beginning and end of each day's sounding 
operations. If it becomes apparent that veloc­
ity correctors are changing, either with time 
or operating area, it is necessary to block the 
comparative data by area or time when averag­
ing and applying correctors. 

Plotting comparison differences as a func­
tion of indicated depth allows the selection of 
a range of depths to which each increment of 
correction is to be applied-e.g., + 0.6 m be­
tween 27.6 and 33.3 m. 

Acoustic echo sounders record echoes from 
any reflective surface, not just the bottom. The 
most common and bothersome of these "false 
echoes" are reflections from kelp or weed 
beds. Higher-frequency instruments (100 + 
KHz) are particularly susceptible to false echo 
indications. Any doubt about the legitimacy of 
an echo can be resolved by performing a 
lead-line comparison. 

26-5. WATER-LEVEL MONITORING 

Depths measured from a floating vessel are 
necessarily relative to the water surface at the 
time of measurement. Water surface elevation, 
or water level, is not a stable reference datum 
but varies from minute to minute in tidal areas 
and from season to season in non tidal bodies 
of water. To accurately infer the bottom shape 
from discrete measurements of depth, it is 
essential that survey depths be relative to a 
common and stable reference surface-i.e., a 
vertical datum. Measured depths are con­
verted to survey depths by applying correctors 
equal to the difference between the water 
level and vertical datum at the time of each 
measurement. 

Some form of mean water level is generally 
used as the vertical datum. Mean low-tide level 
might be appropriate in a tidal area, while the 
average water level observed during the survey 
may be best for a manmade lake. In either 
case, it is necessary to observe water levels over 
a period of time in order to define the datum. 



F.gure 26-12. Bar check. 

Once established, water-level variations rela­
tive to the datum can be quantified and depth 
correctors computed. 

The simplest water-level monitoring device 
is a wooden staff, graduated and marked in 
units of length. When used as a stand-alone 
device, the staff should be sufficiently long 
and installed so that it extends over the entire 
range of anticipated water levels. Whenever 
possible, the staff should be affixed to a per­
manent structure or feature in the survey area. 
It must be free of any vertical movement (see 
Figure 26-13). 

Bench marks (BMs) are an integral part of 
any water-level monitoring installation. A level 
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circuit run from the staff to the BMs deter­
mines their elevation relative to staff zero. 
Bench marks serve multiple purposes-e.g., 
(1) provide a check on the staff's vertical sta­
bility, (2) supply reference elevations should it 
become necessary to replace a staff, and (3) 
monument the datum level once it is defined. 
Levels should be rerun if any staff movement 
is suspected and also at the survey's conclu­
sion. 

A recording water-level gage is commonly 
installed at a monitoring station to eliminate 
the need for an observer and provide a con­
tinuous record. The gage zero can be corre­
lated to the staff, and ultimately to the BMs, by 
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Figure 26-13. Water-level monitoring system. 

taking simultaneous readings of the gage and 
staff. Such comparative readings should be 
made regularly, preferably daily, throughout 
the survey period to ensure that the gate is 
functioning properly and the gage zero re­
mains constant. 

Water-level observations, whether read by 
an observer or recorded, must be accurately 
time-correlated. Time is the index by which 
water-level correctors are tied to depth mea­
surements. 

Because the vertical datum often is not de­
fined until a survey is completed, it may be 
impossible to make actual water-level correc­
tions as the survey progresses. Preliminary cor­
rections can be derived by assuming a datum 
-e.g., staff or gage zero-and comparing 
water-level observations to it. This provides 
corrected depths relative to a common and 
stable reference surface, although not the de­
sired one. Mter the datum has been defined, 
correctors are recomputed and applied to the 
final survey data. 

Survey depth == A - L + D 

26-6. STATE OF THE ART 

The methods and procedures addressed in 
this chapter are conceptually valid, and a small 
survey could indeed be carried out by apply­
ing them. They are primitive, however, and a 
surveyor desiring to enter hydrographic sur­
veying on a regular and extensive basis should 
be aware of the technology and costs of per­
forming competitively in today's market. 

Computers and plotters pervade the pro­
cess from the preparation of plotting sheets 
through the real-time acquisition of data to 
the production of the final graphic. They serve 
as principal components of automated acquisi­
tion systems and elements of sophisticated 
positioning and depth-measuring systems. 

Although conventional ground survey 
methods remain indispensable in the effort to 
locate reference points ashore, aerotriangula­
tion and satellite positioning systems are regu­
larly applied to support hydrographic survey-



ing. The total station concept has been 
applied to short-range positioning afloat 
(range/azimuth) and refined to the extent 
that autotracking, autoreading, autotransmit­
ting devices are available. Electronic position­
ing systems provide multiple LOPs and least­
squares fitting. The advent of the global 
positioning system promises to revolutionize 
positioning afloat, even at survey accuracies. 

Acoustic echo sounders vary from high­
frequency, narrow beam to multiple/selecta­
ble frequency to beam-forming swath sound­
ing systems. Airborne sounding systems using 
a laser-light medium have been developed, 
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and an electromagnetic medium device is be­
ing tested. 

Regardless of all the technology, the basic 
measurements remain the same: depth and 
position. 

NOTES 

l. NOS. Hydrographic Manual, 4th ed. (1976) 1981. 
Washington DC. 
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Boundary Surveys 

Donald A. Wilson 

27-1. INTRODUCTION 

Webster's Dictionary defines boundary as any 
line or thing making a limit, whereas Corpus 

Juris Secundum states that a boundary is a line 
or object indicating the limit or furthest ex­
tent of a tract of land or territory; a separating 
or dividing line between counties, states, dis­
tricts of territory, or tracts of land. l 

The term boundary surveying is used synony­
mously with other terms, such as land surveying 
and property surveying. Basically, each one is 
attempting to identify the same type of survey­
ing, i.e., surveying of property ownership, or 
rights. 

Ownership and rights in land cannot only 
be defined, but since land itself is a physical 
entity, it can be measured, marked, and de­
scribed in words and on drawings. The defini­
tion of land ownership of rights gives rise to 
boundaries, and it is these boundaries with 
which the land surveyor is concerned and 
licensed to deal. 

27-2. OWNERSHIP. RIGHTS AND 
INTERESTS IN LAND 

By law, an estate is the interest a person has in 
real or personal property. In general, real 
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estates are classified according to the time of 
enjoyment, as (1) estates in fee, usually termed 
fee simple, (2) life estate, (3) estate for years, 
and (4) estate at will. It is important to under­
stand what interest, or rights, a person or 
entity has in a parcel of land, since it governs 
what they may do with that interest. A person 
may only transfer what they own or can only 
be affected according to that interest. 

Understanding the nature of estates be­
comes extremely critical when several persons 
or entities are involved, each with different 
interests. 

When we refer to land ownership, it is 
generally meant that an estate in fee simple is 
involved. There are numerous situations where 
the ownership is complicated, with, or by, other 
interests, such as easements, encumbrances, 
encroachments, agreements, and the like. 
They must all be identified before their 
boundaries can be determined and ultimately 
surveyed. 

27 -3. TRANSFER OF TITLE 

Title to property is the means whereby the 
owner has the just possession of the property, 
or the means whereby a person's right to 
property is established.2 Whatever title a per-



son has in property may be conveyed, ac­
quired, transferred, or lost. The means by 
which this is accomplished may be categorized 
as follows: 

1. Title by public grant (e.g., a patent from 
the United States) 

2. Title by private grant (such as a deed) 

3. Title by will (from the decedent) 

4. Title by descent (intestate succession) 

5. Title by involuntary alienation (bankruptcy 
or foreclosure) 

6. Title by adverse possession or unwritten 
agreement (prescription in case of ease­
ments) 

7. Title by eminent domain (public taking with 
compensation) 

8. Title by escheat (property reverting to state) 

9. Title by dedication (e.g., dedicating prop­
erty to public use) 

10. Title with the element of estoppel entering 
(reliance on former acts or assertions) 

11. Title by accretion (land built up by the 
action or water) 

12. Title by parol gift (when followed by ad­
verse possession or appropriate action of 
the parties) 

13. Title by operation of law (statutory) 

It is essential to determine which of these 
affect the parcel(s) in question, since they will 
dictate what records must be examined and 
what other evidence may be important or 
available. 

27-4. BOUNDARY SURVEYING 

Although boundary surveying usually denotes 
a survey of boundaries of land ownership, it 
can also mean other things, since there are 
other kinds of boundaries. There may be 
boundaries defining, or delineating: 

1. Rights other than strict ownership-e.g., a 
restricted area, a common area, or an ease­
ment 
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2. An area of encroachment by one person on 
the record owner, or title holder 

3. An area of land use 

4. Zoning 

5. An administrative district, such as for a 
school 

6. An area of jurisdiction, such as a wetland 

7. A political or government entity, such as 
national, state, county or municipal lines, or 
urban areas 

In order to survey, or measure, a boundary, 
it must first be identified. When it comes to 
land ownership, it is a matter of law as to what 
the boundary is. It may be a deed line, line of 
occupation, grant line, line of agreement, line 
set by the court, or some other line based on 
the law or by the action of the parties. Once 
identified, the line may be measured, or sur­
veyed, computed, and shown on a drawing. 

In surveying, the boundary line must be 
found, or located, on, under, or over the 
surface of the earth, depending on what it is 
and where it is. Its location is based on evi­
dence. 

The land surveyor assembles the available 
evidence, then by applying rules of law and 
evidence, and through experience, reaches a 
conclusion as to what is the best, or most 
reliable, evidence from which to define the 
property line, or the lines that define the 
parcel in question. Goals sought in a land 
survey may be, or include: 

1. Where a parcel is located on the surface of 
the earth, or elsewhere 

2. Location of one or more lines 

3. Road frontage 

4. Acreage 

5. Set back lines 

6. Encroachments 

7. Subdivision into smaller units 

8. Peripheral, such as easements, access, or 
other attached, or inherent, rights 



672 /Jqundary SuroI!Js 

27 -5. EVIDENCE 

Property boundaries are determined through 
the interpretation and use of evidence. Evi­
dence is distinguished from proof in that the 
former is the medium or means by which a 
fact is proved or disproved, whereas the latter 
is the result of effect of evidence.3 Evidence is 
not proof; evidence leads to proof. 

Evidence may be found in three basic forms, 
any or all of which may have an effect on the 
survey, or identification of the boundaries and 
corners of the parcel being surveyed: 

1. Documentary. Also called record euidence, it 
comprises all those writings and documents 
that relate to land, title, or boundaries: 
deeds, mortgages, wills, maps and plats, 
photographs, and the like. 

2. Physical. Also called real euidence, this cate­
gory includes those objects, natural and arti­
ficial, that mark or indicate the location of 
boundary lines and corners. Natural objects 
often called for are trees, waterbodies, 
stones, ridge tops, and the like, while artifi­
cial objects frequently encountered are stone 
and concrete bounds, iron pins and pipes, 
wood stakes, buildings, and roads. These are 
termed monuments when called for in title 
documents. 

3. Parol. Sometimes called testimonial evidence, 
it consists of what persons knowledgeable 
about the title or location of a tract of land 
have to say about it. Their explanations or 
descriptions may lead to other information 
or explain inconsistencies or ambiguities and 
aid in the resolution of conflicts between 
other forms of evidence. 

Some type of evidence is used in the deter­
mination and location of property boundaries. 
Those lines and corners established few to 
many years ago have been perpetuated by the 
evidence left behind or created subsequent to 
the origin of the tract or title. Secondary evi­
dence is inferior to primary or original evi­
dence' but will suffice when determined to be 
the best available evidence remaining. It is the 
surveyor's responsibility to seek out all the 

immediate evidence, analyze it, and reach a 
conclusion or determination on the best evi­
dence available. 

27 -5-1. Collection of Evidence 
Collecting evidence is an art as well as a 

science. Determining how much research is 
necessary, how much field search is required, 
recognizing when additional experts are 
needed, all come with experience and are 
governed by the nature of the problem. 

It is the preponderance of evidence that 
indicates the location of property, property 
lines, and property corners, as well as many 
other features relating to the property. The 
surveyor collects evidence bearing on property 
location to do the survey. All available evi­
dence should be examined and evaluated, or 
weighed, to reach a proper conclusion. This 
part of the survey process is the detective work 
and demands skill as well as patience in order 
to insure a complete job. Once the evidence is 
known, measurements may be taken for veri­
fication and to obtain data for drawing plats 
and maps. 

Conclusions based on scant or inadequate 
evidence frequently are incorrect or faulty. As 
A. C. Mulford wrote in 1912: 

It is far more important to have a somewhat 
faulty measurement of the spot where the line 
truly exists than to have an extremely accurate 
measurement of the place where the line does 
not exist at all. 4 

There often is a question of how much 
research should be undertaken. The only 
proper answer to the question is, "enough to 
do the job." Budget should not be a control­
ling factor, but sometimes is, and time con­
straints often dictate limits. Both of these 
factors should be eliminated, or at least 
controlled, whenever possible. 

Deeds, or other source(s) of title, should be 
traced to the origin of description , whenever 
possible. Without knowing the date a parcel 
was created, the conditions and circumstances 



at the time cannot be evaluated, so it would be 
impossible to consider the intent of the parties 
at the time the description originated. Senior­
junior rights cannot be determined without 
knowing the order of conveyancing and cor­
rections, for the change in magnetic declina­
tion cannot properly be made without knowl­
edge of the date when the observations were 
made. A 50- or lOO-yr difference could be very 
significant, particularly when dealing with a 
long line. And finally, as descriptions are re­
peated over time in subsequent documents, 
numerous scrivener's errors arise, and some­
times critical information, such as the recita­
tion of easements and other rights affecting 
the parcel, are excluded. 

Abutting parcels must be examined as well, 
for the boundary lines are common ones, and 
frequently additional information, sometimes 
even a survey, will appear in an abutting chain 
of title that would otherwise be overlooked.5 

Anything referenced in documents should 
be examined. If referenced documents are not 
a matter of public record, a search must be 
made elsewhere. 

Comprehensive field investigation must also 
be undertaken, to (1) find all features men­
tioned in the documents, if still remaining, (2) 
discover any features that affect the property 
but are not mentioned in any documents, such 
as property corners set by landowners or sub­
sequent survey(s), (3) identify any encroach­
ments affecting properties or property lines, 
and (4) discover other features affecting the 
title, such as wells, burial grounds, prescriptive 
easements, other interests not of record, and 
the like. 

27-5-2. Analysis and Evaluation 
of Evidence 

This stage of the survey is an extremely 
critical one. Evidence collected or discovered 
must be carefully evaluated to insure its appli­
cability and correctness. Courts consider the 
admisibility and relevancy of evidence before 
weighing it for its influence in leading to a 
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conclusion. Some of the considerations in a 
typical survey are as follows: 

1. Roads. Is the road in existence the same as 
the one called for in the description; is it in 
its original location or has it been altered? 

2. Trees. Is the tree being considered the cor­
rect species, and is it old enough to be the 
one called for in the original description? 

3. Fences. Is the fence found of the correct type 
and style, and how long has it been there? 
Very little wire existed prior to the 1880s 
when most barbed wire types were invented. 

4. Monuments. Is the one found the original 
monument; has it been moved? 

5. Survey. Is the survey found correct, is it com­
plete, how was it performed, and on what is 
it based? 

6. Distances. What units and what basis (type of 
chain, measurement technique, corrections, 
etc.)? 

7. Directions. How observed, to what degree of 
accuracy, true or magnetic? 

8. Area. How derived, what units? 

The procedure of analyzing the evidence 
may be a highly complex one. There are nu­
merous rules of survey and of law that must be 
considered to resolve the conflicts which are 
invariably found. Exercising judgment and ap­
plying the appropriate rules are what make 
the surveyor's job less than routine. Frequently 
encountered problems may be categorized as 
follows: 

1. Conflicts in title documents 

2. Conflicts between title documents 

3. Conflicts between title documents and physi­
cal evidence 

4. Conflicts between items of physical evidence 

5. Conflicts between surveyors' opinions/ 
in terpretations 

6. Conflicts in law 6 

(a) Between decisions 

(b) Between decision and litigant 
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27 -5-3. Perpetuation of 
Evidence 

Mter the evidence of property location and 
its lines and corners have been determined, it 
must be perpetuated. Missing corners are set, 
deteriorating corners renewed, and fading 
marks rejuvenated. The record must be made 
current and information may be perpetuated 
through survey plats, land descriptions, 
sketches, formal and informal reports, a letter 
to the client or the client's agent, and notes or 
memoranda to the file. Public record affords 
some protection for the work, but there are 

sumptions that apply to the surveyor property 
and the interpretation of evidence, particu­
larly the interpretation of documents and 
descriptions. Examples of presumptions are 
ownership to the centerline of a street, and 
knowing that a survey is performed correctly, 
the lines were actually run, measurements were 
made horizontally, and a survey is referenced 
to the magnetic meridian. All these presump­
tions may be rebutted by proof to the con­
trary. 

times when alternative means will suffice, or 27-7. JUDICIAL NOTICE 
are even superior. 

Without some report of the survey, the work 
becomes increasingly less valuable as marks 
wane, monuments disappear or are moved, 
memories fade, and property changes in 
ownership. Without usable and available infor­
mation, encroachments may occur, and 
boundary disputes are more likely. If this can 
be avoided, or minimized, the surveying pro­
fession has provided a service to the public. 

27-6. PRESUMPTIONS 

A presumption is a statement, sometimes of 
fact, sometimes of law, and sometimes mixed, 
that can be considered as true without further 
proof. Presumptions may be classified as rebut­
table or irrebuttable. A rebuttable presumption 
is one assumed true until proven otherwise. 
Most rules of law that control the location or 
other aspects of real property are of this type. 
An irrebuttable presumption is one that is 
conclusive and absolute. There are few pre­
sumptions that fall into this category and most 
authorities consider them to be substantive 
rules of law and not rules of evidence. 

An inference is not the same as a presump­
tion. It is a deduction of fact that may logically 
follow, or be drawn, from another fact or set 
of facts. 

Presumptions are not evidence; they are 
substitutes for evidence. There are many pre-

Because some facts material to litigation are 
matters of common knowledge, they need not 
be proved through the presentation of evi­
dence. Judicial notice is a mechanism whereby 
formal proof may be dispensed with because 
the fact is known to the court as being a 
matter of general, or common, knowledge.7 

Judicial notice may be defined as the cog­
nizance of certain facts that a judge or jury 
may properly take or act on without proof 
because they are already known to them, or 
because of that knowledge which the judge or 
jury is assumed to have. 

Judicial notice is not the same as judicial 
knowledge, although they are used inter­
changeably. The former refers to things that 
are commonly known, whereas the latter refers 
to things that courts are deemed to know by 
virtue of their office. In a broad sense, the 
term judicial notice is used to denote both 
judicial knowledge (which courts possess) and 
common knowledge {which every individual 
possesses).8 

Courts may be requested to take judicial 
notice of facts in many areas. Matters that are 
commonly judicially noticed are subjects from 
encyclopedias and textbooks, matters of law, 
matters of survey, custom and usages, geogra­
phy and geographical facts, language, mean­
ings of words and phrases, laws of nature and 
weights and measures, among many other 
categories. Courts may also take judicial 



notice on their own, of matters of common 
knowledge, at their discretion. 

27-8. RULES OF CONSTRUCTION 

Every deed, otherwise valid, will be considered 
to have intended to convey an estate of some 
nature.9 Therefore, every attempt should be 
made to uphold the deed whenever possible. 

When descriptions set forth in deeds are 
not ambiguous, they must be followed. When, 
and only when, the meaning of a deed is not 
clear, or is ambiguous or uncertain, will a 
court of law or equity resort to established 
rules of construction to aid in the ascertain­
ment of the grantors' intention by artificial 
means whereby such intention cannot other­
wise be ascertained. Unlike a settled rule of 
property that has become a rule oflaw,1O rules 
of construction are subordinate and always 
yield to the intention of the parties, particu­
larly the intention of the grantor,1I whereby 
such intention can be ascertained. 

The rules for construction of deeds are 
essentially those applicable to other written 
instruments and contracts generally. Al­
though, as a general consideration, the same 
broad rules govern the construction of both 
deeds and wills, in some jurisdictions deeds 
are more strictly construed than wills. 12 

When the intention of the parties is uncer­
tain, resort must be had to well-settled but 
subordinate rules of construction to be treated 
as such and not as rules of positive law. IS All 
rules of construction are but aids in arriving at 
the grantor's intention and they may be ap­
plied only when the application of the rule 
with respect to the intent of the parties does 
not banish all doubt concerning the conclu­
sions to be drawn from the language of the 
conveyance and the circumstances attending 
its formulation. 

27 -8-1. In General 
Words contained within a deed are pre­

sumed to have a purpose.14 And documents 
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are to be viewed in light of the surrounding 
circumstances. IS This includes the conditions 
at the time,16 as well as the law in existence at 
the time of the conveyance.17 In interpreting a 
document, the court will place itself as nearly 
as possible in the situation of the parties at the 
time of the conveyance.18 

Documents are to be construed according 
h · I' 19 d to t elr p am terms an words given ordi-

nary meaning.20 

27-8-2. Sufficiency of 
Description 

A deed will not be avoided because some 
particulars of the description of the premises 
are false or inconsistent, so long as it is suffi­
cient to identifY the premises.21 However, if 
the description is so imperfect that it is impos­
sible to know what land was intended to be 
conveyed, a deed may be void.22 The basic 
rule is, if a description is certain enough to enable a 
person to locate the land, it is sufficient.23 

A description is adequate so long as it al­
lows the property to be located, even if an 
actual survey is required in order to do SO.24 

Courts do not want to defeat a description, or 
render an instrument void, if it is at all possi­
ble to sustain it. Courts have consistently ruled 
on the sufficiency of a description when lands 
can be located by a surveyor25 or extrinsic 
evidence.26 

Generally, a deed will not be declared void 
for uncertainty in a description of land con­
veyed, if it is possible, by any reasonable rules 
of construction, to ascertain from the descrip­
tion, aided by extrinsic evidence, what prop­
erty is intended to be conveyed.27 Under the 
maxim that that is certain which can be made 
certain,28 courts properly lean against striking 
down a deed for uncertainty and generally will 
adopt liberal rules of construction to uphold a 

29 D .. conveyance. escnptzons are not to identify land, 
but to furnish the means of identification.3o 

Only when it remains a matter of conjec­
ture what realty was intended to be conveyed 
by the deed, after resorting to such extrinsic 
evidence as is admissible, will the deed be held 
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void for uncertainty of description of realty.31 
A deed, devise, or a reservation of real estate, 
the description of which is impossible of ascer­
tainment, is void.32 

27 -8-3. Intention of the Parties 

The main object in construing a deed is to 
ascertain the intention of the parties from the 
language used and to effectuate such an inten­
tion when not inconsistent with any rule of 
law. It is not what the parties meant to say, but 
the meaning of what they did say that is con­
trolling.33 

27 -8-4. Four Corners of the 
Instrument 

The intention of the grantor, gathered from 
the four corners of the instrument, is the 
controlling principle, and the court will en­
force that intention, no matter where in the 
instrument it appears.34 It is the grantor's in­
tention, expressed in the instrument and not 
as shown by extrinsic evidence, that governs in 
determining the title conveyed.35 

27 -8-5. Contemporaneous 
Instruments 

A general rule of construction in ascertain­
ing the intention of the parties is that separate 
deeds or instruments executed at the same 
time and in relation to the same subject mat­
ter, between the same parties, may be taken 
together and construed as one instrument.36 

The rule will not be applied, however, to allow 
an unambiguous conveyance to be modified 
by contemporaneous instruments that are not 
a part of the identical transaction in which the 
deed was given.37 

When a deed almost identical with the one 
before the court was executed at the same 
time by the grantor but to a different grantee, 
the other deed may be used to aid in constru­
ing the ambiguous one.38 

When a deed and written agreement were 
executed at the same time, the agreement 
referring to the deed, the two instruments 
would be construed together to determine the 
intention of the parties.39 

27 -8-6. Consideration of Entire 
Instrument 

A deed must be construed as a whole, and a 
meaning given to every part of it.40 In constru­
ing a deed, each and every word must be given 
a meaning, if possible,41 and the instrument 
construed within the limits of the four cor­
ners.42 This rule applies to not only deeds, but 
also all other instruments.43 

The legal effect of a deed is not determined 
from a single word, or part, or relative posi­
tion of different parts, but the entire instru­
ment.44 All parts must be considered and, un­
less conflicting, given effect. 45 And when con­
flicts arise, or appear, other rules are resorted 
to for their resolution. 

27 -8-7. References Part of the 
Description 

Any items, referenced in a description, are 
part of the description,46 with as much effect 
as if copied into the description.47 One of the 
reasons for employing references and not 
copying other information is so not to encum­
ber the description, the reference being suf­
ficient.48 In fact, not just any reference, but all 
instruments in a chain of title when referred 
to will be read into it.49 

27 -8-8. Specific Description 
Controls General 
Description 

When particular and general descriptions 
conflict and are contradictory to one another, 
the particular will control unless the intent of 
the parties is otherwise apparent on the face 
of the instrument.5o It does not matter which 
one comes first in the deed.51 



27 -8-9. False Description May 
be Rejected 

A plainly erroneous description will be re­
jected and reasonable meaning given to the 
deed that will conform to the intent of the 
parties.52 Also, any particular of a description 
may be rejected, if it is manifestly erroneous, 
and enough remains to identity the land in­
tended to be conveyed.53 

When the land in a deed is so described 
that it can be ascertained, it will pass, even 
though some part of the description is false.54 

The principle is that a mistake in the descrip­
tion of lands in a deed will not void the deed, 
or defeat the legal title of the grantee or any 
one claiming under his or her title.55 When 
property intended to be conveyed can be as­
certained from such parts of description in 
deed as are found correct, the property will 
pass, and the incorrect pairs of the description 
will be disregarded. 56 

27 -8-10. Construe Description 
Against Grantor; In 
Favor of Grantee 

Generally, a grantee in a deed or other 
instrument, who accepts the instrument, is 
bounded by the recitals contained there, even 

d .. 57 H though he or she oes not Sign it. owever, 
the general rule is that all grants, deeds, and 
leases are to be most strongly construed against 
the grantor if there is any doubt or uncer­
tainty as to the meaning of the grant.58 The 
decisions are many and the rule is a prevalent 
one. But there must be doubt, or ambiguity, 
for a grantee is not entitled to the benefit of 
an alternative interpretation favoring him or 
her when ambiguity is not established.59 

27 -8-11. Meaning and 
Intending Clause 

A clause in a deed, at the end of a particu­
lar description of the premises by metes and 
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bounds, "meaning and intending to convey 
the same premises conveyed to me," etc., does 
not either enlarge or limit the grant.60 The 
Maine court also said, in Brown v. Heard,61 
that such wording was"merely a help to trace 
the title." The court stated in Sinford v. Watts62 

that the clause "meaning to convey lot known 
as," etc., following a particular description by 
metes and bounds, did not enlarge the grant, 
unless the contrary appears, because such a 
clause is ordinarily intended as a help to trace 
the title. 

27-9. RELATIVE IMPORTANCE OF 
CONFLICTING ELEMENTS* 

Courts make determinations between con­
flicting calls. They have generally agreed on a 
classification and gradation of calls in a grant 
or survey of land, by which their relative im­
portance and weight are to be determined. 
Although the rules of comparative dignity of 
types of calls have been said to be not artificial 
rules built on mere theory, but the true results 
of human experience, they are not conclusive, 
imperative, or universal, but are called rules of 
construction, adaptable to circumstances, or 
only rules of evidence, or merely helpful in 
determining to which of conflicting calls con­
trolling effect shall be given. Therefore, so a 
call that would defeat the parties' intention 
will be rejected regardless of the comparative 
dignity of the conflicting calls, and when calls 
of a higher order are made by mistake, the 
calls of a lower order may control, as most 
clearly indicating the intention of the grant.63 

The general order of precedence of guides 
in determining boundaries is as follows. 

1. CONTROL OF CORNERS AND MARKED LINES. 

A call for an established corner may, unless 
uncertain or mistaken, control other conflict­
ing calls.64 Lines marked or surveyed, when 

"Reprinted with permission from 11 CJ.S. Boundaries, copyright © 1954 by West Publishing Co. 
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found, constitute the true boundaries and 
control any less certain matter of description 
or identity, provided that such lines were in­
tended by the parties as lines of the land to be 
conveyed, and reference is made in the deed 
to the lines of the survey.65 

2. NATURAL MONUMENTS. Natural or per­
manent objects or monuments, definitely lo­
cated, generally control other and conflicting 
calls, unless a different intention is indicated, 
or the call for such monument is clearly erro­
neous or less certain. The reason for this rule 
is that natural monuments or objects afford 
greater certainty than computations of course 
or distance and are less subject to error in 
calls. Further, the true intention of the parties 
will more probably be ascertained by adopting 
the call for natural monuments.66 

3. ARTIFICIAL MONUMENTS. Calls for artifi­
cial monuments, objects, marks, or established 
corners will, unless made by mistake or not 
mentioned in the deed, generally control other 
and conflicting calls, except those for natural 
objects. However, the rule does not apply to a 
call for a monument that is false or mistaken, 
or to monuments not mentioned in the deed, 
but a monument not existing at the time a 
deed is made, and afterward erected by the 
parties with intent to conform to the deed, will 
control. The reason for the rule is that there is 
less likelihood of a mistake in a call for an 
artificial monument than one for course and 
distance, the former being the more reliable 
call. Further, the parties are presumed to have 
taken note of the monument in viewing the 
premises.67 

4. MAPs, PLATS, AND FIELD NOTES. Maps, 
plats, or field notes referred to in a grant or 
conveyance are generally regarded as incorpo­
rated into the instrument and furnishing the 
true description of the boundaries of the land. 
Further, they have been held to stand on the 
same footing as monuments. 

A plat many control notes, lines, descrip­
tions, and landmarks, but whether or not a 

plat will have a controlling effect depends on 
the particular facts of the case, as the descrip­
tion that best identifies the land in accordance 
with the interest of the parties is controlling.68 

5. ADjOINERS. In absence of calls for other 
monuments, calls for adjoiners will, as a rule, 
control other and conflicting calls, since when 
they are certain, they are monuments of the 
highest dignity. Adjoiners, in order to have a 
controlling effect, must be established and well 
known, and must be called for in the con­
veyance; when such calls are manifestly erro­
neous, they will be disregarded. 

Even the unmarked lines of an adjacent 
tract, if it is well established and its position 
can be ascertained with accuracy, will control 
a call for courses and distances. In the applica­
tion of this rule, such a line may be given the 
dignity of an artificial object. 

When a call for an ad joiner is made under 
a mistaken belief as to its true location, it may 
be rejected, and courses and distances held 
controlling, even though the line or corner 
called for was marked, at least where such a 
construction is most consistent with the inten­
tion to be derived from the entire description. 
However, it does not always follow that courses 
and distances will control, since a mistake does 
not reverse the general rule, but rather leaves 
the court free to construct the survey in such a 
manner as will best give effect to the intention 
to be determined from the entire instrument.69 

6. METES AND BOUNDS. Metes and bounds 
in the description of property granted, if es­
tablished, always control courses and dis­
tances.70 

7. COURSES AND DISTANCES. Although 
courses and distances have been held unreli­
able, they will ordinarily govern in the absence 
of located calls of a superior type. However, 
the rule is not absolute, and in some circum­
stances they may be controlled by other evi­
dence. 

Because of the liability of chain carriers to 
error, courses and distances have been de-



clared to be among the most unreliable calls, 
and the most unsatisfactory calls in a survey. 
Nevertheless, when there are no located calls 
of a type ordinarily considered superior to 
courses and distances, such as for monuments 
or lines marked and surveyed, courses and 
distances called for in the description of the 
boundaries should be given considerable 
weight and will ordinarily govern.7! 

8. COURSES OVER DISTANCES. Although 
there is some authority to the contrary, the 
general rule is that when a departure from 
either course or distance becomes necessary, 
the distance must yield. In other words, courses 
prevail over distances if they do not agree, 
with distances regarded as more uncertain 
than courses. 72 

9. QUANTIlY. Quantity is ordinarily the 
least certain element of description, of little 
importance, and the last element to be consid­
ered in determining boundaries. However, in 
special circumstances it may become more 
valuable, or control-e.g., when superior calls 
are lacking or leave the boundaries doubtful, 
or if there is a clear intention to convey a 
certain quantity.73 

27-10. RULES OF SURVEY 

In locating and running the boundary lines of 
lots or tracts of land of private owners, refer­
ence should be made to the calls in the grant 
and the field notes carried in the grant or the 
map or plan with reference to which the con­
veyance was made. If there is no ambiguity, 
the land must be located and the lines run 
according to the description in the con­
veyance. None of the calls should be rejected 
or disregarded if they can be harmonized and 
applied in any reasonable manner. When, 
however, the descriptions given are conflict­
ing, the courts have established an order of 
precedence among the several calls in the 
conveyance. Accordingly, in restoring lost lines 
and corners, visible and actual landmarks are 
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to be preferred, but if they cannot be ascer­
tained, resort must then be made to courses 
and distances. Courses and distances in a call 
surrender to natural objects and judicially de­
termined corners, and all calls are to be made 
straight between corners, unless a different 
intention appears from the description in the 
muniments of title.74 

27 -10-1. Footsteps of Surveyor 
A line is a boundary or division only to the 

extent to which it is definitely described.75 

The lines of a survey as actually run and 
marked on the ground are controlling as to 
boundaries fixed with reference to such a sur­
vey.76 Or as sometimes expressed, the rule is 
that the tracks of the surveyor, so far as is 
discoverable on the ground with reasonable 
certainty, should be followed.77 

When title to land has been established 
under a previous survey, the surveyor's duty is 
to solely locate the lines of the original 
survey. 78 He or she cannot establish a new 
corner, nor can he or she even correct the 
erroneous surveys of earlier surveyors. The 
surveyor must track the footsteps of the first. 79 

27-10-2. Straight-Line 
Presumption 

When a line is described as running from 
one point to another, it is presumed, unless a 
different line is described in the instrument, 
or marked on the ground, to be a straight 
line, so that by ascertaining the points at the 
angles of a parcel of land, the boundary lines 
can at once be determined. The rule of sur­
veying, as well as law, is to reach the point of 
destination by the line of shortest distance, 
and lines should never be deflected, except in 
order to conform to the intention of the 
parties.8o 

27 -10-3. Reversal of Calls 
Courses may be run in a reverse direction 

when, by doing that, a difficulty can be over­
come and the calls harmonized. Doing so 
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should only be as a last resort, and ordinarily 
done only when running forward will not re­
sult in a closed figure. In addition, such a 
procedure can only be performed when lines 
of survey are actually measured and run on 
the ground, and monuments and boundaries 
in the deed must be followed when the courses 
and distances are reversed. Never is it permis­
sible to disregard natural objects, either as 
corners or lines.81 

27 -10-4. Magnetic North 
Presumption 

Courses in a deed are to be run according 
to the magnetic meridian, unless something 
appears to show that a different method was 
intended.82 

27-10-5. Horizontal Versus 
Slope Measurement 

Ordinarily, it is presumed that measure­
ments of, and distances along, property lines 
are horizontal. However, in some cases surface 
measurement is found to be the method em­
ployed, particularly when such a method is the 
custom of the locality, or is dictated by circum­
stances.83 

27 -10-6. Lines of Ancient 
Fences 

In the absence of natural boundaries or 
monuments, and of monuments or stakes set 
in the course of the original survey, the lines 
of ancient fences and long-continued occupa­
tion of adjacent lots and blocks in the same 
plat, if evidently intended to mark the true 
lines of such lots and blocks, have greater 
probative force than mere measurements of 
courses and distances.84 

27 -10-7. Relocation of Lost 
Monument 

When monuments designating the bound­
aries of land are obliterated and cannot be 

found, they are to be relocated by the field 
notes and plats of the original survey.85 

27 -10-8. Relocation of Lost Line 
In relocating or reestablishing the lost lines 

of an old survey, the tracks of the original 
survey should be followed so far as it is possi­
ble to discover them, and the purpose of a 
resurvey is to find where the original lines ran. 
All locations, calls, and distances must, if 
found, be followed.86 

27 -10-9. Conflicting Grants 
When there is a conflict of boundaries in 

two conveyances from the same grantor, the 
title of the grantee in the conveyance first 
executed is, to the extent of the conflict, supe­
rior, even though the conveyances were made 
with reference to a map or plat.87 

27 -10-10. Conflicting Surveys 
The lines and field notes of a valid senior 

survey control over those of a junior survey, 
particularly when the junior is bounded with 
express reference to the elder. The field notes 
of a junior survey ordinarily cannot, but in 
some circumstances may, be looked to to es­
tablish the boundary of the senior survey. 88 

27 -11. EASEMENTS AND 
REVERSIONS 

An easement may be defined as a right, privi­
lege, or liberty that one has in land owned by 
another; it is a right to a limited use in an­
other's land for some special or definite pur­
pose. An easement owner or holder does not 
own the land itself; the easement holder merely 
has the right to do certain things on the land 
of another. It is more than a mere personal 
privilege, however. It constitutes an actual in­
terest in the land, and as such is treated as 
realty. 



Easements are transferred the same as real 
estate, by deed, will, intestate succession, 
through adverse possession (prescription), etc. 
They may be created and terminated by the 
parties, or as a result of their actions. 

Easements that benefit other land are called 
appurtenant and run with the land. Those that 
exist independently and do not benefit other 
land are easements in gross. The land bene­
fited by an easement is the dominant tenement 
or dominant estate, whereas the land burdened 
by the easement is the servient tenement or 
servient estate. Easements may be affirmative, 
whereby the owner is allowed to do certain 
things on the land of another, or negative, 
whereby an owner is prevented from doing 
certain things on his or her own land. Ease­
ments may also be apparent or nonapparent, 
and may be continuous or noncontinuous. 

There are nearly an infinite number of 
kinds of easements. Some of the more com­
mon are as follows: 

1. Right of way 

2. Flooding or flowage 

3. Avigation 

4. Use of water 

5. Drainage 

6. Overhanging eaves 

7. Light and air 

8. View 
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distinction does exist. An exception is the pro­
cess by which a grantor withdraws from the 
conveyance land that would otherwise have 
been included; the grantor merely retains or 
keeps the part excepted. A reservation vests in 
the grantor a new right or interest that did not 
exist before; it operates by way of an implied 
grant. 

3. AGREEMENT OR CONVENANT. An agree­
ment or covenant operates the same as a grant 
and is construed the same as an express grant. 
Whether it runs with the land depends on 
whether the act that it embraces concerns or 
relates to the land. 

4. IMPLICATION. The general rule of law is 
that when an owner of a tract of land conveys 
part of it to another, he or she is said to grant 
with it, by implication, all easements that are 
apparent and obvious, and reasonably neces­
sary for the fair enjoyment of the land granted. 
Easements by necessity also fall under this cate­
gory. 

5. ESTOPPEL. The word "estop" means to 
stop, prevent, or prohibit. Legally, an estoppel 
is a bar raised by the law that precludes a 
person because of his or her conduct from assert­
ing rights that he or she might otherwise have 
-rights as against another person who in good 
faith relied on such conduct and was led 
thereby to change his or her position for the 

27 -11-1. Creation of Easements worse. 

An easement may be created by anyone of 
the following ways. 

1. EXPRESS GRANT. This is usually called a 
"deeded easement," although an easement 
may be created with documents other than 
deeds, particularly in probate proceedings. 

2. RESERVATION OR EXCEPTION. Although 
these terms are sometimes thought to be the 
same and are often used together, a technical 

6. PRESCRIPTION. Long continued use of 
another's land for purposes in the nature of 
an easement may create permanent rights in 
the user. Such an easement stands in all re­
spects on the same footing as an easement 
acquired by grant. 

In most states, the requirements for estab­
lishment of an easement are the same as those 
for acquiring title by adverse possession. The 
difference is that in adverse possession, posses­
sion ripens into title, whereas in prescription, 
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use develops into an easement. The minimum 
requirements are as follows: 

(a) Use must be adverse. 

(b) Open and notorious. 

(c) Continuous. 

(d) Exclusive. 

(e) Under claim of right. 

(0 For the statutory period. 

For prescription, the requirements for con­
tinuity and exclusivity are more relaxed than 
those for adverse possession. 

7. DEDICATION. Easements may be created 
by dedicating land to the public use, such as 
streets on a plan of a subdivision or develop­
ment. For public rights to be created, how­
ever, there must be an acceptance of the dedi­
cation by the appropriate public authority. 

8. EMINENT DOMAIN. Eminent domain is 
the power of the sovereign to take land or 
rights through the process of condemnation 
by paying just compensation. 

27-11-2. Termination of 
Easements 

Easements may also be terminated by a 
variety of means. 

1. EXPIRATION. When established for a 
fixed or limited amount of time, an easement 
will expire according to its own terms. 

2. RELEASE. An easement may be trans­
ferred (conveyed) from the dominant owner 
to the servient one. 

4. ABANDONMENT. Ordinarily, land and 
rights in land cannot be abandoned. However, 
certain types of easements may be terminated 
through the process of abandonment. Mere 
nonuse does not constitute abandonment, and 
the burden of proof is on the person claiming 
the abandonment. 

5. ESTOPPEL. An easement may be termi­
nated by the conduct of the easement holder, 
even though he or she may have had no 
intention of giving up the easement. 

6. PRESCRIPTION. An easement may be ex­
tinguished by prescription if there is an inter­
ference with the use of the easement, satisty­
ing the same requirements as for the creation 
of an easement by prescription. 

7. DESTRUCTION OF THE SERVIENT ESTATE. 
There can be no easement in a servient estate 
if it no longer exists. 

8. CESSATION OF NECESSITY. A way of neces­
sity ceases when the necessity for it ceases. 

9. EMINENT DOMAIN. Proceedings may ter­
minate an easement, particularly if the result 
of the proceedings is to sever, or block, the 
easement. 

27 -11-3. Reversion 
When an easement is terminated, it reverts 

to the land that by the right{s) was taken. This 
is true whenever an estate less than fee simple 
absolute terminates, whether it is an easement, 
a life estate, or some other interest. When 
reversionary clauses exist, their terms must be 
satisfied. Otherwise, the rights revert to the 
owner of the burdened real estate. Reversion 
is automatic and takes place at the point in 

3. MERGER. if the owner of the servient time when the encumbrance is extinguished 
estate acquires the dominant estate, the ease­
ment will terminate through merger of title, 
since a person cannot have an easement in his 
or her own land. Whether the easement re­
vives on a redivision of the land depends on 
the circumstances. 

or terminates. 
Recognizing reversion is critical when it 

comes to highways, railroads, flooded areas, 
and the like. For years, large areas have been 
encumbered and for the most part unusable, 
then all of a sudden, they are no longer bur-



dened. The highway, railroad, or waterbody 
no longer exists in a legal sense, although it 
may in a physical sense. This usually gives rise 
to new boundary questions and only by know­
ing the history and pattern of ownership can 
such questions be properly addressed. 

Easements burden land, but do not, by 
themselves, alter existing boundaries. There­
fore, when an easement is extinguished, it is 
necessary to determine the existence and loca­
tion of boundaries prior to its creation. Any 
land parcels created after the easement result 
in additional boundaries that are determined 
by appropriate rules. One of those rules is the 
presumption that land bordering on a high­
way or street extends to its center, provided, 
however, that the grantor owned that far and 
unless the contrary appears (Figure 27-0. It 
must be stressed that although this rule has 
extensive application, it is a presumption and 
not an absolute rule of law.89 

Since easements and their associated rever­
sion rights are treated similarly to real prop­
erty, a survey of the same should be ap­
proached in the same manner as a survey for a 
parcel of land. Each has a history of title and 
boundaries the same as any other parcel of 
real estate. 

27 -12. ADVERSE POSSESSION 

Title may be acquired, or lost, through adverse 
possession. That is, possession by a person or 
group of persons against the true or record 
owner of such a nature that, after the passage 
of a specified amount of time, such possession 
will ripen into title. In most states, these re­
quirements are as follows: 

Open. Visible and not hidden or concealed. 
Continuous. Not intermittent or interrupted. 
Exclusive. Against the true owner, meaning that 
no one else can share it. 
Adverse. Against the true owner, meaning that no 
agreement exists, or is permissive. 
Notorious. Sufficient to put the person of ordi­
nary prudence on guard. 
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Figure 27-1. Reversion rights are defined by property 
lines as they existed before the creation of the easement 
-in this case, the street. 

Statutory period. The number of years through 
which the possession must take place. It varies 
considerably from state to state, and may vary 
according to other factors, or conditions. 

In some states, there are additional require­
ments, such as a requirement of good faith, 
payment of taxes, and the like. 

As soon as all the requirements have been 
satisfied, the possession ripens into title, and the 
possessor becomes the new owner with a title 
that is as good as if received by grant or deed. 
This title may not be a marketable title under 
the marketability standards because there is 
no chain of record title behind the new owner 
connected to him or her, but it may be made 
marketable through court action. Adverse pos­
session is sometimes difficult to prove and the 
burden of proof is on the adverse possessor to 
prove his or her title. 

Some state courts require that the proof be 
of a clear and convincing nature, although some 
merely require that the possession be shown 
by a preponderance of the evidence, or the balance 
of probabilities. 

27 -12-1. Color of Title 
A few states require that the adverse posses­

sor have color of title-i.e., something that on 
its face appears to be title, but in reality is not. 
An often recited example is a faulty tax deed. 
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Even in those states that do not require color 
of title, having it may be significant to the 
possessor. A few states have a shorter time 
requirement with color of title than without. 
And in a number of states, whether color of 
title exists has an effect on how much land 
actually passes title. 

With color of title, when possession ripens 
into title, the entire parcel described in what­
ever constitutes the color of title passes, 
whereas without color of title, only the amount 
of land actually possessed, and used, will pass. 
In some jurisdictions, when no color of title 
exists, there is an additional requirement that 
the land be occupied and enclosed. 

27-12-2. Prescriptive Easements 
Even though adverse possession and pre­

scription are sometimes used synonymously, in 
most jurisdictions there is a subtle difference. 
Prescription relates to the use of a parcel of 
land, whereas adverse possession relates to its 
possession. The former results in an easement 
in the property, whereas the latter results in 
ownership of the fee. 

Easements are created by prescription 
through the use of the property, satistying the 
same requirements as for adverse possession. 
The requirements of continuity and exclusivity 
may be somewhat relaxed because of the na­
ture of an easement as opposed to fee owner­
ship, but basically the requirements are the 
same and both result in the creation of a new 
title in the adverse user, or possessor. 

27 -12-3. Surveyor's Role 
Surveyors need to be on the alert for evi­

dence that may indicate third party rights. 
Evidence in the form of use or encroachments 
should be taken note of and reported, since 
they may have an effect on the title, or owner­
ship, of the parcel in question. Recently, some 
courts have stated that it is part of the sur­
veyor's duty and responsibility to report such 
activity by others that is in conflict with the 
record title, whenever it is apparent. 

27-13. UNWRITTEN RIGHTS 

Rights may also be acquired, or boundaries 
established, without writings through four 
other legal doctrines-namely, acquiescence, 
estoppel, parol agreement, and practical location. 
The difference between these four and ad­
verse possession is that they result in the estab­
lishment oj boundaries, as opposed to the trans­
fer of title to a parcel of land. The four doc­
trines do not involve a transfer of ownership; 
they are merely forms of agreement, ex­
pressed or implied, by the parties in an attempt 
to fix that which is uncertain. Because of this 
theory, such activity is not contrary to the 
statute of frauds, which requires that, to be 
enforceable, contracts for the transfer of land 
must be in writing. Consequently, the courts 
have long been in favor of parties agreeing on 
the location of their common boundary. 

Most jurisdications require that a boundary 
be in dispute to quality for an agreement. 
Stated another way, if a boundary is not in 
dispute and the parties desire a different loca­
tion, they cannot relocate it by agreement 
since that would result in a transfer of title to a 
parcel of land, and therefore be contrary to 
the statute of frauds. For a boundary to be 
considered in dispute, courts have stated that 
it must fall into one of the following cate­
gories: 

1. In actual dispute. 

2. Be unknown or uncertain. 

3. Be unascertainable. 

Most courts require that at least a reason­
able investigation be made before concluding 
that one of the foregoing is the case. They 
have also stated that any of the following may 
give rise to at least one of the above: 

1. The boundary in question is unmarked and 
unknown. 

2. There are two different locations desired by 
the abutting landowners. 



3. There is one location desired by one owner, 
but the other owner does not agree with it. 

4. There is an ambiguous and irreconcilable 
description of the boundary. 

27 -13-1. Acquiescence 
Also called recognition and acquiescence, this 

doctrine involves the establishment of a 
boundary by abutting owners who have recog­
nized a line as their true boundary. No agree­
ment is involved, merely an acquiescence in 
the existence of the boundary line for the 
requisite period of time, which is usually 
equivalent to the statute of limitations. In most 
states, the time requirement is the same as for 
adverse possession. The requirements neces­
sary for the doctrine to take effect are (1) 
occupation to a visible line, (2) mutual acqui­
escence in the line for a period of time, and 
(3) by adjoining landowners. 

27-13-2. Estoppel 
The doctrine of boundary by estoppel, like 

its related doctrines of boundary agreement, 
results in the establishment of a boundary by 
the parties in a place other than the true 
boundary. The requirements for this to take 
place are (1) a representation by one owner, 
or a failure to assert the facts, (2) a reliance on 
the representation or lack thereof, resulting in 
(3) injury or damages to the owner in reliance. 
All the elements must be present, and when 
they are, the owners have established a mutual 
boundary in a new location. 

27 -13-3. Parol Agreement 
In many jurisdictions, parties may agree on 

the location of their mutual boundary by parol. 
Courts have long recognized parol agreements 
as binding on the parties and their successors. 
Parties cannot relocate a known line for their 
convenience because that would be a transfer 
of title to a parcel of land and therefore con­
trary to the statute of frauds, but they may 
agree to fix that which is unknown, or uncer­
tain. 
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Written agreements are favored over oral 
agreements, but the latter do persist and nu­
merous boundaries have been established in 
the past through the express verbal agreement 
of both parties. Even in those states that today 
require agreements to be in writing, past 
agreements may still be binding on all parties, 
particularly if they occurred prior to the cur­
rent statute. 

27 -13-4. Practical Location 
Practical location is the term used to de­

scribe the type of agreement in which the 
parties apply a construction to their descrip­
tions and determine a line in the case of 
disagreement, doubt, or uncertainty. It is sim­
ply an actual designation on the ground, by 
the parties, of the monuments and bounds 
called for in their conveyances, or a location 
of their common boundary through a practi­
cal interpretation. 

Boundaries by agreement, as well as those 
created through adverse possession, are bind­
ing on the parties and their successors in title. 
The courts have held to a standard that it is 
the responsibility of the surveyor to recognize 
and report such evidence whenever it is known 
or apparent. 

Great case must be taken not to base other 
boundaries on distances from boundaries es­
tablished by adverse possession or agreement. 
The parties' actions affect one line and one 
line only, and do not affect boundaries or 
titles of other persons who are not parties 
thereto. 

27-14. APPORTIONMENT OF 
EXCESS AND DEFICIENCY 

it is important to know when lots owe their 
origin from a common grantor, and what kind 
of conveyancing took place, whether it was 
sequential, simultaneous, or a combination of 
both. The general rule, called the apportion­
ment rule, is that when a tract of land is subdi­
vided into parts or lots, the title to which 
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becomes vested in different persons, none of 
the grantees is entitled to any preference over 
the others on the discovery of an excess or 
deficiency in the quantity of land contained in 
the original tract. Additionally, the excess must 
be divided among, or the deficiency must be 
borne by, all the parts or lots in proportion to 
their areas.90 

27 -14-1. Sequential 
Conveyancing 

In sequential conveyancing, seniorjunior 
rights must be taken into account. When one 
or more parcels of land is conveyed from a 
parent tract, subsequent parcels cannot in­
clude part of them, since they are no longer 
owned by the grantor, who can only convey 
that which remains. This becomes of great 
concern when there is more or less land, or 
frontage, in the parent tract than supposed. 
For example, if lots were conveyed according 
to their numbers as shown in Figure 27-2, the 
first lots would be entitled to what their deeds 
state, whereas later lots, particularly the last 
one(s), could only receive what was left to 
convey. 

Six 100-ft lots are sold out of a parcel be­
lieved to be 600 ft in width, when in reality it is 
not. In this example, lots 1 through 5 would 
each be entitled to 100 ft offrontage, while lot 
6, being a remainder lot, is entitled to the 
remainder, whether it is more or less. The one 
exception occurs when there is excess, and it 
can be shown that the grantor intended to 
retain it, such as for access to back land. 

CD @ ® 

100 ,00 '00 

The same rule applies to area. If a grantor 
conveys, in sequence, five lots from a 500-acre 
tract, the last lot is entitled to whatever acreage 
remains, whether more or less. Again, the one 
exception occurs when the grantor intended 
to retain excess. See Figure 27-3. 

This becomes a very critical issue in survey­
ing original range lots, or lots defined by early 
surveys, since they intentionally were made to 
"overrun" in area. The early surveyors did 
that to allow for poor-quality land and survey­
ing errors such as "swag of chain." In cases 
such as this, entire blocks often have to be 
surveyed in order to account for outsales and 
properly determine what footage or acreage 
remains. 

27-14-2. Simultaneous 
Conveyancing 

When parcels in a group are created in a 
simultaneous manner, no one parcel is given 
preference over another, and each must bear 
a portion of the excess or deficiency. This 
applies in cases of subdivision, in which lots 
were created by the acceptance of a plan, and 
in cases of partition, in which a scheme of 
land division is approved, usually by the court, 
but in some cases may be agreed to by co­
owners and accomplished through the use of 
one or more deeds. 

Taking the previous example, we arrive at 
Figure 27-4. The 600-ft block was found upon 
survey to have only 594 ft of frontage. There­
fore, each lot is only 99 ft long instead of lOO. 
Each lot must bear the deficiency in propor-

© ® ® 
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Figure 27-2. Example of sequential conveyances. Lots were conveyed in order of numbering. 
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Figure 27-3. Five lots sold from a 500-acre tract. 

tion to its frontage, and the rule applies with­
out regard to the order of the conveyances of 
the lots by the common grantor. 

27-14-3. Combination 

Only through adequate study of the con­
veyances from a common grantor in a block 
can one know what type of conveyancing has 
taken place. Frequently, the case is a combina­
tion of both of the foregoing. For example, 
consider the following. In Figure 27-5a, lots 1 
through 4 have been conveyed in a sequential 
manner, later followed by the 4th lot being 
divided in a simultaneous fashion. Lot 4 in 
Figure 27-5a will receive the remainder; then 
the frontage for lot 4 in Figure 27-5b is a result 
of the apportionment of the error over lots 1 
through 4_ 

/00 100 100 

Boundary Surol!Js 687 

Lot 4 in the first example (Figure 27-5b) 
and lot 4 in the second example (Figure 27-5b) 
will not have the same frontage even though, 
if there had been no errors, or no deficiency, 
they would be the same. 

27 -14-4. Remnant Rule 

Some state courts have applied what is 
known as the remnant rule whereby, even 
though parts or lots are sold according to a 
plan, the plan shows a number of the lots 
regular in shape and size and a remnant lot 
that is irregular. The grantee or grantees of 
the remnant take whatever is left, whether it is 
of greater or less area than shown on the plat. 
The reason for the rule is that when a tract is 
platted into lots, all regular in form except 
one, it is presumed that the subdivider in­
tended to lay as many uniform lots as possible, 
leaving the residue in one lot, which should 
absorb any surplus or deficiency because of a 
mistake of measurement in the platting. The 
rule has been held not applicable, however, 
when the plat dimension of the irregularly 
shaped lot or lots is as definitely fixed as that 
of the regular lots. 

State rules should be examined in detail 
before deciding which rules to use, especially 
if the remnant rule is considered.91 

In Figure 27-5b, the total frontage for lots 1 
through 4 will be short, and out of that, num­
ber 4 will receive only whatever remains after 
lots 1 through 3 have been conveyed. 

100 100 /00 

""'I~~-------- S9 y----------~I 

Figure 27-4. Lots created ali at one time. 
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Figure 27-5. (a) is the simultaneous creation of four lots. whereas (b) represents the subsequent sequential 
creation of four lots in lot 4 from (a). 

Although these rules are universal and must 
be considered whenever multiple sales are 
made by one grantor, care must be exercised 
in the determination of boundaries. Condi­
tions change, subsequent transfers occur, and 
improvements are made. Occupation and pos­
session may influence the ownership of a lot 
and ultimate location of its boundaries after a 
lapse of time. 
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28---
Boundary Location Along 

Waterways 

Roy Minnick 

28-1. INTRODUCTION 

Property boundary location along watelWays is 
probably the most complex of all boundary 
locations. Water lines naturally fluctuate and 
so any boundary dependent on a fluctuating 
line must change. This often leads to litigation 
among litoral owners since a changing prop­
erty line may cause one person to lose and 
another to gain. As a result, courts rooted in 
common law have often established prece­
dents for riparian boundary location based on 
equity rather than more precise and scientific 
location principles. In recent years, courts have 
modified some viewpoints and reversed them­
selves on others. As a result, boundary location 
along watelWays is fraught with uncertainties, 
not only in location, but also title. Matters are 
made worse by unclear laws. What does all of 
this mean to the surveyor? How does the sur­
veyor begin to understand riparian boundary 
location? Most important, what does the sur­
veyor need to know to perform the duties and 
discharge the responsibilities associated with 
surveying a boundary along a watelWay or 
shoreline. 

Fortunately, some basic principles are avail­
able to all, and with these, the surveyor need 
not be greatly concerned even though the 

legal situation may appear confusing. Gener­
ally speaking, the law defines the boundary, 
and the surveyor locates the boundary. When 
the boundary is not defined, the surveyor can 
be a key investigator and finder of fact to aid 
the property owners and the court arrive at a 
definition of the boundary and then locate the 
boundary by map and description. 

Before the discussion of boundary begins, 
some aspects of ownership and title must be 
considered. 

28-2. SOVEREIGN LANDS AND THE 
PUBLIC TRUST 

Sovereign lands are those lands beneath 
watelWays that existed naturally when the state 
was admitted to the Union, either as one of 
the original colonies, or one of those states 
admitted on "equal footing" with the original 
colonies. Sovereign land title is vested in the 
state at statehood. Sovereign lands are com­
prised of the beds of navigable waterbodies. 
The extent of the sovereign lands is not de­
fined at the time of statehood. In general, 
sovereign lands are not subject to adverse 
claims, prescriptive rights, or other unwritten 
rights. The navigable sovereign lands are in-
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tended for general public use as highways for 
commerce, navigation, fisheries, and, more re­
cently in some states, other public uses such 
as recreational fishing and boating. The 
sovereign's right, exercised on behalf of the 
public, is considered paramount, or senior, to 
the privately owned upland and takes the bed 
of the waterbody, even though it may be in 
conflict with land descriptions for the uplands. 

The extent of upland ownership-i.e., the 
littoral ownership-is limited to the shoreline 
and does not include the bed of the water­
body, if the waterbody is navigable. 

The sovereign traditionally held the lands 
in trust for the general public who could use 
the waterbodies for "commerce, navigation 
and fisheries." Sovereign navigable waterways 
are inseparable from the public trust doctrine. 
Each state, on admission to the Union, be­
came the trustee. The states have discharged 
these trusts in various ways, and since the 
public trust question is a matter of state law, a 
number of approaches have been used, and 
the law from state to state is inconsistent. 

U.S. Chief Justice Taney, speaking for the 
Supreme Court, explained the ownership of 
such lands as follows: 

For when the Revolution took place, the people 
of each state became themselves sovereign, and 
in that character hold the absolute right to all 
their navigable waters and the soils under them 
for their own common use, subject only to the 
rights since surrendered by the Constitution to 
the general government. I 

Even within a state, public trust law may be 
inconsistent and uncertain since the courts 
take a case-by-case approach within broad 
principles of law. The legal results in a given 
situation, therefore, are hard to predict. 

Sovereign title may be affected by a number 
of factors, including lands patented by the 
U.S. government during the time of territorial 
status and lands granted by treaty, such as 
grants to Mexican citizens confirming their 
title claims at the close of the Mexican War in 
1848. Some states also vary the application of 

the general public trust doctrine by enacting 
special statutes dealing with specific sites, or 
particular problems. 

The public trust doctrine, when applied to 
sovereign lands in the beds of navigable water­
bodies, has several elements, including but not 
limited to the following: 

1. The physical character of the land 
2. Source of title to the land 
3. Changes of the character or boundaries of 

the land 

Other elements can be considered, such as 
revocation of the trust, land exchanges, or 
estoppel, but these are beyond the scope of 
this chapter. 

28-2-1. Physical Character of 
the Land 

In general, the public trust doctrine applies 
to tidelands, submerged lands, and the beds of 
navigable streams, rivers, and lakes. In con­
trast' under English law, the trust extended 
only to lands subject to the ebb and flow of 
the tides that, in the small island, included in 
essence all navigable waters. With its long rivers 
and large interior lakes, however, America ex­
panded the trust definition to include all navi­
gable waters even if non tidal. 

28-2-2. Source of Title 
By virtue of its admission to the Union as a 

sovereign state, each state acquired title to all 
the ungranted trust lands within the bound­
aries of the new state. The extent of the grant 
of sovereign trust land is determined by its 
character on the data of admission to the 
Union, not its character at a later date. Hence, 
considerable difficulty surrounds proving the 
actual character of the land at statehood inas­
much as accurate surveys representing the 
grants do not exist. However, evidence of its 
character at a later date has been admissible 
in a court of law to show its character at 
statehood, and scientific studies usually try to 
shed light on the issue. 



28-2-3. Changes of the 
Character or 
Boundaries of the Land 

Changes in the extent and boundaries re­
sults from shoreline processes that build up, or 
eat away the land along the waterbody. The 
boundary line separating the uplands from the 
waterbody then changes. Sometimes, these 
changes are quite dramatic over a number of 
years, even going so far as to completely elimi­
nate a parcel, or double its size. In other 
instances, submerged lands may become tide­
lands, or the reverse. 

28-3. CLASSIFICATIONS OF LANDS 
INVOLVED IN WATER 
BOUNDARY LOCATION 

There are various classes of lands invoked in 
water boundary situations: tidelands; sub­
merged lands; navigable lakes, streams, and 
rivers; and swamp and overflowed lands after 
1850. 

28-3-1. TIdelands 
Tidelands are lands subject to the public 

trust lying between the lines of mean high and 
low tide covered and uncovered successively 
by the ebb and flow of the tides, including the 
shores of every bay, inlet, estuary, and naviga­
ble stream as far up as tidewater goes and until 
it meets the lands made swampy by the over­
flow and seepage of freshwater streams. 

28-3-2. Submerged Lands 
Submerged lands are also subject to the 

public trust. Submerged lands are those cov­
ered by water at any stage of the tide and 
would include the bed of the sea and of bays 
and inlets. 

Ownership of the submerged lands between 
the low water mark and 3-mi limit became 
important when oil was discovered in this area 
and the necessary technical advances made 
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extraction feasible. In 1947, the U.S. Supreme 
Court decided that these lands were held by 
the federal government in trust for the peo­
ple. In 1953, however, Congress passed the 
Submerged Lands Act that conveyed whatever 
interest the federal government had in these 
lands to the states, with the exception of those 
lawfully held by the federal government. 
Congress also specifically reserved its para­
mount regulatory power under the commerce 
clause of the U.S. Constitution. 

28-3-3. Navigable but Nontidal 
Waterbodies 

A third category of lands that may be sub­
ject to the common-law public trust is naviga­
ble non tidal waters, technically distinguished 
from tidelands and submerged lands although 
both are navigable for title purposes. Again, 
the "navigability" of waters for determining 
whether the public trust doctrine applies is 
ascertained by the uses made while in a natu­
ral state. The federal test of navigability is 
usually used, and the basic question is to de­
termine whether the waters were navigable in 
fact at the time of statehood. The standard is 
whether 

... They are used, or are susceptible of being 
used, in their natural and ordinary condition, as 
highways for commerce, over which trade and 
travel are or may be conducted in the customary 
modes of trade and travel are or may be con­
ducted in the customary modes of trade and 
travel on water ... navigability does not depend 
on the particular mode in which such use is or 
may be had ... nor on an absence of occasional 
difficulties in navigation, but on the fact, if it be 
a fact, that the stream in its natural and ordinary 
condition affords a channel for useful com­
merce.2 

28-3-4. Swamp and 
Overflowed Lands 
(Swamplands) 

Unlike tidelands, submerged lands, and 
navigable waters, "swamp and overflowed" 
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lands are not generally considered to be sub­
ject to the public trust. In 1850, Congress 
passed the Swamp Lands Act that granted to 
each state all the unsold swamp and over­
flowed lands within its border. Swamp and 
overflowed lands are those that were" ... un­
fit for cultivation by reason of their swampy 
character and requiring drainage or reclama­
tion to make them available for beneficial 
use" (Black's Law Dictionary) and could be 
sold by states to private persons without re­
straint as to ownership or use. 

28-3-5. The Difference Between 
Swamplands and 
Sovereign Lands 

Thus, the lands belonging to a state along 
or within a waterbody may be divided into two 
categories: those that it received from the fed­
eral government by grant-the swamp and 
overflowed lands, which are not subject to the 
common trust, and those that it received by 
virtue of its sovereignty-the tidelands, sub­
merged lands, and lands under navigable 
waters, which are subject to the public trust. 
The all-important distinction to be made be­
tween the two is, in practice, not an easy one. 
For example, coastal lagoons are difficult to 
specifically state, as of statehood, whether the 
land was properly characterized as swamp and 
overflowed lands, or as tidelands. A solution 
usually involves litigation, or a boundary 
agreement and/ or exchange, after a thorough 
study has been conducted and the determina­
tion of one or the other is uncertain. 

28-4. PUBLIC TRUST LANDS HELD BY 
PRIVATE PERSONS 

Disposition of these lands were subject to state 
law, and some states immediately began con­
veying tidelands and sometimes adjoining sub­
merged lands into private hands. Since tide­
lands were held by the state in trust for the 
people, there were always some who doubted 

the validity of sales to private individuals. Some 
early law cases held that such sales were void 
or voidable. In 1892, however, the U.S. 
Supreme Court decided the landmark federal 
public trust case, Illinois Central R. R. v. Illi­
nois, which involved a grant of waterfront on 
Lake Michigan to a corporation, which the 
Illinois legislature later wanted to revoke. The 
court, in speaking about the status of the title, 
described it as: 

. .. A title held in trust for the people of the 
State that they may enjoy the navigation of the 
waters, carry on commerce over them, and have 
the liberty of fishing therein free from the ob­
struction or interference of private parties. The 
interest of the people in the navigation of the 
waters and in commerce over them may be 
improved ... for which purpose the State may 
grant parcels of the submerged lands .... 3 

The court then went on to say that the state 
could not abdicate its duty and control over 
the trust, nor could the trust be extinguished 
or impaired by a transfer of title. However, the 
trust could be revoked if the state relinquished 
title to particular parcels without any substan­
tial impairment of the public interest in the 
lands and waters remaining. 

Taking this cue, the many state courts re­
solved the same uncertainty about sales of 
tidelands by holding that, although the state 
could convey tidelands to private persons, the 
title so conveyed was subject to the public trust 
rights and powers of the state and public. 

Exceptions to the general statement that a 
private tidelands' owner holds subject to the 
public trust are found when the sale was made 
under a special statute clearly evidencing the 
legislative intent to alienate tidelands free of 
the public trust and when the state has other­
wise revoked the trust or would be precluded 
from asserting it. In general, however, pri­
vately owned tideland is subject to the public 
trust. 

No statutory authorization to sell sub­
merged lands and lands under navigable 
waters appears to have ever existed, in contrast 



with the statutes authorizing the sale of tide­
lands. Such sales likewise may be subject to 
attack, and if void, title would remain with the 
state as trustee. 

28-5. NONNAVIGABLE 
WATERBODIES 

Nonnavigable waterways are not owned by the 
state as sovereign. Landowners adjacent to 
nonnavigable waterways own the bed of the 
waterways. If there is only one owner around 
the entire body of water, than the bed is 
owned by that party. If there are several own­
ers along the shore, then each is entitled to a 
proportionate share of the underlying lands. 
In this case, the portions are divided propor­
tionately among the littoral owners by agree­
able and sensible means. Several methods are 
covered in the second edition of Boundary 
Control and Legal Principles, 3rd ed.4 The most 
commonly used are the "pie method" for 
dividing round lakes and "long lake method" 
for dividing long lakes. Thread of stream or 
center of stream is customary along rivers and 
other methods are used in bays and coves. In 
situations where the surveyor is called on to 
proportionately divide nonnavigable water­
ways, any method that is agreeable to the 
parties concerned, and is within the surveyor's 
authority, is acceptable. 

A surveyor attempting to proportionately 
divide a lake, e.g., needs to obtain agreement 
from all parties, preferably by acknowledge­
ment on a record map, even if some parties 
are not clients. 

28-6. DETERMINING NAVIGABILITY 

Navigability determination is a difficult and 
lengthy assignment. Navigability means dif­
ferent things to different people, and it lacks a 
precise scientific definition. Generally, waters 
are navigable in fact when they are used or are 
susceptible for being used in their ordinary 
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conditions as highways of commerce, of which 
trade and travel are conducted in the custom­
ary modes of trade and travel on water. Some 
states have passed laws declaring the factors 
necessary to constitute navigability. Others to­
tally ignore the situation. In Minnesota, a 
stream capable of floating a canoe may be 
considered navigable. In many states, the abil­
ity of a stream to carry logs may be a factor in 
declaring a stream to be navigable. State laws 
and courts, when they address the issue, gen­
erally consider a waterbody navigable when it 
is suitable for use as a public way. The state, as 
"sovereign," has a duty to protect the rights of 
the public from abuse or infringement unless 
a law to the contrary has been acted and 
upheld. The state as the owner of the bed of 
navigable waterways is at least coequal and, in 
some instances, superior to adjacent upland 
owners. 

28-6-1. Riparian Rights 

The upland owners themselves are coequal 
and have certain property rights entitled to 
protection. These rights are usually called ri­
parian rights and accrue to an adjacent upland 
owner. Riparian rights may include such things 
as the right to "wharf-out" into the water 
body to construct bulkheads, enjoy the fruits 
of accretion, and suffer the flip side, erosion. 
An upland owner, in order to have riparian 
rights, must share a common boundary with 
the owner of the bed of the waterway. Any 
intervening ownership, no matter how in­
finitesimally small, can deprive a person of 
these riparian rights. 

Surveyors must carefully examine a chain of 
title histories of property to be certain that no 
intervening interest exists. It is common to 
find that even though an original deed was 
riparian, the present vesting document does 
not include riparian rights. These usually oc­
cur when a strip of land lies between a mean­
der line or private subdivision meandered line. 
The strip is "dropped out" scriveners, or per­
haps inadvertently. 
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28-6-2. Federal and State Law 
Governing Navigability 

There are two broad categories of law gov­
erning navigability: state and federal law. State 
law considers navigable waterways to be gener­
ally a public highway. The public may use the 
waterway as well as the adjacent upland owner. 
In some jurisdictions, navigability is based on 
limited tests such as commerce, navigation, 
and commercial fishing. In other states, this 
narrow traditional definition of navigability has 
been broadened to include whatever uses the 
general public may wish to make of the water­
way. This includes recreational fishing, water 
skiing, and other such "noncommercial" uses. 

Federal law is based on the commerce clause 
in the U.S. Constitution that defines the au­
thority of the federal government to control 
the use of navigation on interstate waterways. 
Although the federal government is expand­
ing its control of navigable waterways and even 
includes some waterways that were naturally 
navigable, by and large their efforts relate to 
land use regulation and navigation on the 
water surface. 

Generally, water boundary disputes are set­
tled in state courts, between the state and its 
citizens. An exception occurs when the federal 
government is an adjacent upland owner and 
a dispute arises between the federal govern­
ment and the state. In this case, federal courts 
are used. Federal courts are also used to settle 
water boundary disputes between various 
states. 

From many different standpoints such as 
permissible uses, property ownership, title and 
boundaries, the determination of navigability 
is perhaps the most important distinction that 
must be made along waterbodies. While navi­
gability disputes are usually settled in courts or 
by law, the surveyor may find him or herself 
gathering facts and evidence that will support 
the contention of either navigability or non­
navigability. In fact, the surveyor may well be 
instrumental in the determination of naviga­
bility, provided that the surveyor is aware of 

the implications and impact of his or her 
actions. 

28-6-3. Navigability by Statute 
Each state address navigability in its own 

way. Some use statutes, others court cases, and 
some a combination of the two. A list of statutes 
has been compiled and is listed as a reference 
at the end of the chapter. 

28-6-4. Navigability in Fact 
The second method for determining navi­

gability is to determine in fact that the water­
way was used at the time of statehood as a 
public highway for commerce, navigation, and 
fisheries or other purposes allowed under state 
law. Sometimes, several months are spent at­
tempting to locate historical evidence of use in 
an effort to determine the navigabili:ty of 
waterbodies. Rainfall records may be checked 
to determine if sufficient water existed for 
navigation. 

In some western states, waterbodies that 
were navigable in fact at the time of entry into 
the Union and for years thereafter in their 
natural condition are now dry as a result of 
irrigation diversion, or some other artificial 
cause. One such case is the San Joaquin River 
in the central valley of California. It once 
carried steamboats up into the foothills of the 
Sierra Mountains, but now is dry most of the 
year. It is hard for landowners to understand 
that the river, in a land title sense, is naviga­
ble. 

28-6-5. Susceptibility to 
Navigation 

The third method for determining naviga­
bility involves waterbodies in existence at the 
time of statehood, still in existence, and large 
enough to be susceptible to navigational uses 
as may be defined by the state in which the 
waterbody is located. Waterbodies that fall into 
this category may be relatively small mountain 
lakes that are only now becoming valuable 
because of the public'S unquenchable thirst 



for recreational land; they occurred naturally 
at statehood, and are still in place, and suscep­
tible to use. 

Generally, waterbodies, in order to be navi­
gable for title purposes, had to exist as a 
natural body of water either navigable in fact 
or susceptible to navigability under its ordi­
nary condition at the time the state entered 
the union. The mere fact that the body of 
water dried up periodically or will be dry for 
periods of time each year does not in itself 
prevent a declaration of navigability. For ex­
ample, in 1908, a Supreme Court case in 
Florida considered a case involving title to the 
bed of Lake Jackson in Leon County. Most of 
the bed during ordinary water levels could be 
navigable only by flat-bottomed boats drawing 
no more than 6 in. of water. Large portions of 
the lake bottom were dried out for such long 
periods of time that crops were harvested on 
the lake beds. The court held Lake Jackson to 
be navigable. The fact that the lake went dry 
at times did not strip of navigability since in its 
ordinary state it was navigable. 

28-7. BOUNDARIES ALONG TIDAL 
WATERBODIES 

Boundaries along tidal waterbodies are usually 
tide lines. For example, along the western 
coast of the United States, the ordinary high 
water mark is normally considered to be the 
boundary between the state and upland owner. 
In areas where the shoreline is natural, the 
ordinary high water mark may be defined as the 
mean high tide line averaged over a substan­
tial period of time. The ordinary high water line 
is the level that the water reaches in ordinary 
stages, not in a period of drought, and not in a 
period of flood. 

Tidal riparian boundaries often rely on tidal 
observations over an 18.6 year period. The 
18.6 year period is a full cycle of the varying 
relationship among the positions of the earth, 
sun, and moon. Various methods have been 
described over the years for locating mean 
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high water line boundaries. In general, tidal 
observations by the federal government are 
used, and an elevation for the mean high 
water is determined. With this elevation, a 
contour line is run, and the mean water lo­
cated for the moment. The surveyor, when 
platting this line, enters the data and time, as 
well as the elevation of the contour. The line 
is not permanent, but it existed at the location 
at that point in time. 

From the surveyor's standpoint, it is neces­
sary to first ascertain what the boundary may 
be between the bed of the water and the 
upland owner. This is generally a matter of law 
and for attorneys. Where the boundary may 
ultimately be located is normally within the 
province of the surveyor. For example, a court 
may determine that the boundary between two 
points on a shore is the mean high tide line. 
In the event that the court does not define the 
elevation of the boundary, it is the surveyor's 
task to determine the elevation of the mean 
high tide line in a professional manner and 
then locate this line on the ground. For exam­
ple, the mean high water line in the given 
stretch may be determined by observation to 
be 2.5 ft above the mean lower water. The 
surveyor locates this contour line with refer­
ence to mean lower low water by the usual 
methods of survey. 

In other cases, as in the state of Washing­
ton, the vegetation line may be the boundary 
established by law. On non tidal water bound­
aries, a variety of techniques may be used to 
determine the legal boundary. For example, 
in Clear Lake, CA, the largest lake in Califor­
nia with over 100 mi of shoreline had a low 
water mark boundary definition of zero on the 
Rumsey gauge. The gauge was established by 
Rumsey in the late part of the 19th century 
and daily observations on a water-level staff 
have been made ever since. As a result, the 
surveyors interested in mapping the line be­
tween the upland property owners and the 
state of California can use this contour line 
that was defined by survey leveling to be a 
contour elevation of 1318.26 ft above sea level. 
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28-8. WATER BOUNDARIES IN 
PUBLIC LANDS 

The federal government patented public lands 
to the ordinary high water line, even though 
the survey was run along a meander line. 
Meander lines are set as part of the original 
survey to segregate bodies of waters from the 
lands to be patented to the upland owner. 
These lines are not usually boundary lines, 
unless specifically indicated. They were used 
to close the upland survey and determine the 
area to be purchased. The title of the upland 
extends to the boundary of the water as it may 
be determined. Some general comments taken 
from the various U.S. manuals of survey in­
structions are: 

1. All manuals call for meander comers to be 
established at all those points where the 
lines of the public surveys intersect the 
"banks" of bodies of water, waterways, or 
islands that are to be separated for the pub­
lic lands or acreage. 

2. All manuals refer to the position of the 
banks of a river or stream as, facing down­
stream, the bank on the left-hand side is the 
"left bank," and the bank on the right-hand 
side the "right bank." 

3. The manual of 1930 defines a meander line 
as .. the traverse of the margin of a perma­
nent, natural body of water." 

4. Tidewaters are not mentioned in the manu­
als of 1851 to 1881, but are mentioned after 
1881. 

5. The manual of 1902 states that lands 
bounded by waters are to be meandered at 
a mean high water mark (Section 154). 

6. The manual of 1902 states that unless an 
irregular or sinuous line closely follows a 
stream or body of water, it is not entitled to 
be called a meander line (Section 153). (See 
also Sections 108 and 151.) 

The Manual of United States Suroeying 5 adds: 

1. Large lakes, navigable rivers, and bayous are 
by the law of Congress made public high­
ways, and as the government surveys 

progress, they are mentioned and segre­
gated from the public lands. 

2. Wide "flats" having wide, irregular expan­
sions occur in rivers that are not navigable. 
Such expansions are permanent bodies of 
water, the area of which is more than 40-
acres and embraces more than one-half of a 
legal subdivision of 40 acres, they should be 
meandered of both banks. 

28-9. EFFECT OF NATURAL 
SHORELINE PROCESSES ON 
BOUNDARIES 

Mter defining the boundary, by law and fact, it 
is necessary to consider some shoreline pro­
cesses before location of the line can be com­
menced. Notably, accretion, erosion, avulsion, 
and the sundry acts of humans in building 
dams, bulkheads, carving cutoffs, and building 
groins and jetties. 

Accretion is the gradual imperceptible de­
posit of buildup of land along the shore of a 
waterbody. The accretion results in the place­
ment of alluvion that belongs to the upland 
owner or owners. In this case, the surveyor is 
called on to first of all identify the amount of 
accretion and then apportion that accretion as 
necessary and in a manner recognizing the 
coequity of the upland owners. The accretion 
must be apportioned from the last deed line 
using one of a number of methods, two of 
which follow: 

1. Project the lot lines from the old shoreline 
to the new. 

2. Extend the lot lines at an angle to provide a 
share of area of alluvion proportionate to 
the amount of frontage the owner had prior 
to accretion. 

Erosion is the gradual and imperceptible 
washing away or reduction of land along the 
water boundary. In this case, the owner is 
losing area. The boundary is shifting to take 
more and more of the upland property and in 



fact the upland owner may lose the entire 
parcel to erosion. 

Avulsion is the sudden and perceptible sep­
aration of land by the violent action of water. 
In this last case, property boundary lines 
sometimes remain fixed in place, just prior to 
the avulsive action. For example, a stream that 
during a flood stage suddenly adopts a new 
channel does not alter the ownership of the 
abandoned river bed. If the waterway is navi­
gable, it so happens that the owner of the 
channel will end up owning the abandoned 
bed of the river that now cuts the parcel in 
two parts. Accretion and erosion, on the other 
hand, result from natural causes and the prop­
erty lines shift as the shoreline shifts. 

28-10. ARTIFICIAL CHANGES TO 
SHORELINES 

Other factors to be considered in locating 
boundary lines along waterways are the physi­
cal and legal effects of artificial changes. Ex­
amples of artificial changes are dams, groins, 
piers, and other shoreline structures that pre­
vent the body of water from moving naturally. 
In most states, artificial accretion resulting 
from interruption of the natural processes be­
longs to the owner of the shore; this is also 
true of lands subject to federal rules of inter­
pretation. 

28-11. OPERATIVE WORDS: 
SUDDENLY AND GENERALLY 

In all of the above cases, the words "suddenly," 
"generally," and other operative words are 
subjective. For example, in the definition of 
avulsion we used the word suddenly. Various 
contenders in litigation will argue over the 
definition of suddenly. Viewpoints may range 
from considering suddenly as spanning a 
period of time overnight to as long as 7 yr. 
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28-12. WHEN ARTIFICIAL IS 
NATURAL 

On the Colorado River, the Boulder Dam has 
been generally construed by several federal 
courts to have no effect on downstream prop­
erty boundaries. Although it is clearly an arti­
ficial influence, the court has held that it has 
acted primarily as a control to prevent both 
floods and drought and the resultant regula­
tion of the flow does not inhibit the gradual 
erosion and accretion of the river, although 
the court admits that the range is greatly di­
minished by the dam controlling the flows of 
water. 

28-13. TITLE: EXTINGUISHED 
VERSUS REEMERGENCE 

Other problems arise when considering situa­
tions where entire parcels have been eroded 
away and then processes have reversed them­
selves and accretion occurs. In this situation, is 
the title extinguished and the accretion di­
vided between the adjacent upland owners at 
the time the process reversed or does the title 
reemerge? 

28-14. OWNERSHIP OF ISLANDS 

Surveyors may face other situations involving 
islands in waterways. The ownership of an 
island in a navigable waterbody may depend 
on whether the island grew from the bed of 
the river since statehood or whether it existed 
prior to statehood. If the island formed after 
statehood, then it probably will belong to the 
state; if it existed before statehood, then it is 
subject to survey and patent, and does not 
belong to the owner of the bed of the water­
body. Islands formed in nonnavigable streams 
usually belong to adjacent upland owners. 
They are divided according to where the divi­
sion line of the stream is located. 
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28-15. WATER BOUNDARY 
DETERMINATION 

A variety of legally acceptable evidence may be 
utilized to establish water boundaries. At the 
outset, keep in mind that the boundary may 
be the last natural condition, or may have 
been altered by accretion or erosion. There­
fore, as to each of the following tests, you may 
have add the caveat that the appropriate test is 
to be applied as to the last natural condition 
of the waterbody. 

In order to understand the legal test of a 
tidal water boundary, it is first necessary to 
understand certain terms or words. The defi­
nitions here are those adopted by the U.S. 
Coast and Geodetic Survey [now the National 
Ocean Survey (NOS)]: 

High water. The maximum height reached by a 
rising tide. The height may be due solely to the 
periodic tidal forces or it may have superim­
posed on it the effects of prevailing meteorologi­
cal conditions. 

High water line. The intersection of the plane of 
mean high water with the shore. The shoreline 
delineated on the nautical charts of the U.S. 
Coast and Geodetic Survey is an approximation 
to the high water line. 

Higher high water. The higher of the two high 
waters of a tidal day. 

Mean high water. The average height of the high 
waters over a 19-yr period. For shorter periods of 
observations, corrections are applied to elimi­
nate known variations and reduce the result to 
the equivalent of a mean 19-yr value. All high 
water heights are included in the average, where 
the type of tide is either semidiurnal or mixed. 
Only the higher high water heights are included 
in the average, where the type of tide is diurnal. 
So determined, mean high water in the latter 
case is the same as mean higher high water. 

Mean higher high water The average height of 
higher high waters over a 19-yr period. For 
shorter periods of observations, corrections are 
applied to eliminate known variations and re­
duce the result to the equivalent of a mean 
19-year value. 

Low water. The minimum height reached by a 
falling tide. The height may be due solely to the 
periodic tidal forces or it may have superim­
posed on it the effects of meteorological condi­
tions. 

Lower low water. The lower of the low waters of 
any tidal day. 

Mean low water. The average height of low waters 
over a 19-yr period. For shorter periods of obser­
vations, corrections are applied to eliminate 
known variations and reduce the result to the 
equivalent of a mean 19-yr value. All low water 
heights are included in the average, where the 
type of tide is either semidiurnal or mixed. Only 
the lower low water heights are included in the 
average, where the type of tide is diurnal. So 
determined, mean low water in the latter case is 
the same as mean lower low water. 

Mean lower low water is frequently abbrevi­
ated lower low water on U.S. Coast and 
Geodetic Survey charts, the average height of 
lower low waters over a 19-yr period. For 
shorter periods of observations, corrections are 
applied to eliminated known variations and 
reduce the result to the equivalent of a mean 
19-yr value. 

Generally speaking, state law applies to the 
location of water boundaries. However, fed­
eral law will apply if the boundary is deter­
mined by a federal patent or for locating the 
boundaries of navigable waters of the United 
States under federal law. 

A water boundary for the purposes of fed­
eral law is the ordinary high water mark, or 
mean high water. This has been defined in 
Borax Consolidated, Ltd. v. Los Angeles,6 as 
the average of all the high waters occurring 
over a tidal epoch of 18.6 yr. This includes 
averaging both high waters that occur daily on 
the Pacific coast. 

28-15-1. Nontidal Waterbodies 

Water boundaries on non tidal waterbodies 
are generally determined by state law. On 
non tidal nonnavigable bodies, the upland 
owners take to the middle, whatever that may 
be. 



How are the low water mark and high water 
mark determined on non tidal navigable water­
bodies? Although at first glance this question 
seems to have an easy answer, it does not, in 
fact. Nontidal waterbodies are not subject to 
any sort of regular fluctuation. Substantial sea­
sonal changes occur, and they differ from year 
to year depending on many factors such as 
rainfall. Hence, there is no mean water mark 
in the same sense as that found along tidal 
bodies of water. In addition, a great majority 
of the waterbodies in this category have been 
subjected to artificial influences, such as dams, 
or diversion for irrigation. 

One Attorney General's opinion best sum­
marized the definition of low water mark as: 

The elevation of water in the non-tidal navigable 
lake or stream at its low point during a normal 
year, not affected by floods, droughts, or other 
special circumstances.7 

The opinion further advised that any com­
petent evidence may be used to establish the 
low water mark on a nontidal navigable lake, 
including but not limited to maps, historical 
data, testimony, and physical characteristics of 
the lake bed, or adjacent terrain. This ap­
proach has generally been confirmed in case 
law. Some of the sources that provide the 
information needed are listed in the reference 
section here. 

28-16. SUMMARY 

Water boundary location is difficult because of 
the wide variety of interests in land and types 
of land, that are involved. Further complica­
tions arise because of the ambulatory nature 
of water boundaries. Even the stability associ­
ated with written land titles must be set aside. 
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Land descriptions along waterways may be in­
consistent with the facts as indicated on the 
ground, as a result of natural processes. 
Sovereign lands are seldom even described 
and derive from the state's act of admission to 
the United States, or from its status as one of 
the original 13 states. A search of records will 
not disclose the existence of sovereign lands, 
and state legislatures have not provided much 
guidance for the surveyor. 

NOTES 

1. Martin v. Waddel, 41 U.S. 349 (1842). 

2. U.S. v. Utah, 283 U.S. 64 (1931); Utah v. U.S., 
403 U.S. 9 (1971). 

3. Illinois Central R.R. v. Illinois, 146 U.S. 307 
(1892). 

4. C. M. Brown 1988. Boundary Control and Legal 
Principles, 2nd ed. New York: John Wiley & 
Sons. 

5. J. H. Hawes. 1882. The Manual of United States 
Surveying. Philadelphia, PA: Lippincott & Co. 

6. Borax Consolidated, Ltd. v. Los Angeles, 296 
U.S. 10 (1935). 
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29---
Mining Surveys * 

E. Franklin Hart and John S. Parrish 

29-1. UNOERGROUNOt 

29-1-1. Mine Surveying Practice 

Surveying and mapping practice in the min­
ing industry encompasses most surveying fields; 
its main difference is that it has a direct effect 
on the safety of people working in the mines. 
Accurate surveys and reliable maps are a pre­
requisite to a successful mining operation. If 
an accident occurs, such as a roof fall or an 
onrush of water or oxygen-deficient air, sur­
veying operations must be performed immedi­
ately to aid in rescue efforts. Time is impor­
tant, and confidence in the surveying and 
mapping system of the mine is essential. If a 
rescue borehole is needed, a spatial position 
must be promptly established on the surface 
or in an adjacent mine; a good surface­
underground three-dimensional coordinate 
system is required. 

In the deep-mining industry, conventional 
plane surveying practice is used to accomplish 
most surveying and mapping needs. The envi­
ronment in which surveying operations are 
performed is different. Because surveying is 
usually carried out in the dark, the cross hairs 
and micrometer of the theodolite, and the 
plumb-bob string or object sighted, must be 
illuminated. Other adverse environmental 
problems include dripping water, noise, mine 
gases, dust, high-voltage electricity, high traffic 
density, and air velocity. In extremely deep 
mines, surveyors also encounter high tempera­
tures, and work must be performed in an 
air-conditioned environment. Small openings 
for traversing usually mean difficult setups and 
short traverse lengths. To accomplish a good 
deep-mine survey under these conditions 
requires experienced personnel and well­
designed survey systems. 

In the surface-mining (open-pit) industry, 
surveying operations are much like those in 

* Analysis, procedures, and suggestions presented here are solely the responsibility of this author and no liability ur 
responsibility shall be incurred by the government agency with whom this author is employed. 

tUnderground section written by E. Franklin Hart. 
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the heavy-construction industry. Mine survey­
ors work closely with mining engineers, geolo­
gists, soil scientists, and photogrammetrists in 
developing an operation plan that can result 
in efficient mining operations. Surveyors must 
then perform the operations' stakeout and 
monitor their results. Layout includes setting 
slope stakes, locating blast holes, and setting 
markers to implement the operation plan. 
Monitoring includes deformation measure­
ments for checking pit-wall stability and indi­
rect quantity measurements for payments to 
contractors. Much of the monitoring is done 
photogrammetrically after semipermanent 
photo panels have been established; aerial 
photogrammetry is accomplished on a weekly 
or monthly basis. In some cases, terrestrial 
photogrammetry, combined with indirect con­
ventional surveying measurement, is used on a 
daily basis for quantity surveys, particularly 
when soil and rock are moved more than 
once. Because of surveyor involvement in sur­
face-mining operations, preparation of plans 
and permits has evolved as his or her responsi­
bility. Often, the surveyor is the owner's (com­
pany) representative in communication with 
regulatory agencies and contractors. 

A common task for mine surveyors is to 
determine whether or not the necessary work 
can be performed with company surveyors. 
Frequently, they must let for contract geode­
tic, mineral (boundary), and photogrammetric 
surveying services because of the expert 
nature of these services and their cost­
effectiveness. It is important that a mine sur­
veyor be proficient in writing specifications for 
contract services and requires inspections be­
fore accepting the contracted work. Both edu­
cation and experience are necessary in devel­
oping competent mine surveyors able to han­
dle the broad professional scope of services 
that must be rendered. These persons are 
highly respected as members of the mine 
management team. 

Operational deep-mine surveying will be 
discussed here. Mine surveyors must be inno­
vative in applying appropriate technology and 
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equipment to solve the unique problems en­
countered in practice. 

29-1-2. Definitions 
Figure 29-1 illustrates some common glos­

sary terms used in mine surveying and map­
ping. A brief definition of each term follows. 

Adit. An opening, usually horizontal, driven from 
the surface to a working area of the mine. 

Back. Top or roof of an underground opening. 

Cropline. Intersection of an ore body and the 
earth's surlace. 

Cross cut. Horizontal opening (breakthrough) be­
tween entries. 

Drift. Horizontal or nearly horizontal opening in 
or into an ore deposit. 

Entry or Heading. An opening driven in or into 
an ore deposit for use as haulways, ventilation, 
and/or access. 

Face. End wall of an entry or opening where ore 
is being extracted. 

Level. Working section designated by an eleva­
tion difference from the surface. 

openpit mine. Large open excavation developed 
for extracting deep or steeply pitching ore de­
posits. 

Pillar. Block of ore/rock between the entry and 
cross cut used to support the overburden. 

Projection. Direction for advancement of the 
mine. 

Raise. Vertical or sloped opening in the ore from 
a level. 

Rib. Wall of an entry. 

Roof. Top of the room or entry. 

Room. Area from the last crosscut to the face. 

Shaft. Vertical or sloped opening in or into a 
mine used for a haulway, ventilation or access. 

Slope. Inclined opening driven to the ore de­
posit. 

Spad. Metallic marker usually set in a wood plug 
in the roof for traverse and projection control. 

Stope. Working section or room from which ore 
is extracted. 

Strip mine. Mine developed for excavating ore, 
usually coal, along the contour of the surlace. 

Top. Top of the room or opening. 
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Figure 29-1. Top view of a mining section. 

29-1-3. Deep-Mine Maps 

A requirement of the Mine Safety and 
Health Act of 1977 is that maps of all coal 
mines be certified by a registered engineer or 
registered surveyor of the state in which the 
coal mine is located. l A summary of state and 
federal laws and regulations governing mine 
maps has been listed by Williams.2 Laws and 
regulations for all types of mining vary from 
state to state, and in some cases, they are more 
rigorous than federal laws and regulations. A 
section of the West Virginia underground coal 
mine map requirements is quoted as an exam­
ple of deep-mine requirements. 

The operator of every underground coal mine 
shall make, or cause to be made, an accurate 
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map of such mine, on a scale of not less than 
one hundred, and not more than five hundred 
feet to the inch. The map of such mine shall 
show: 

(1) Name and address of the mine; 
(2) The scale and orientation of the map; 
(3) The property or boundary lines of the 

mine; 
(4) The shafts, slopes, drifts, tunnels, entries, 

rooms, crosscuts and all other excavations and 
auger and strip mined areas of the coalbed be­
ing mined; 

(5) All drill holes that penetrate the coalbed 
being mined; 

(6) Dip of the coalbed; 
(7) The outcrop of the coalbed within the 

bounds of the property assigned to the mine; 
(8) The elevations of tops and bottoms of 

shafts and slopes, and the floor at the entrance 
to drift and tunnel openings; 



(9) The elevation of the floor at intervals of 
not more than two hundred feet in: 

(a) At least one entry of each working section, 
and main and cross entries; 

(b) The last line of open crosscuts of each 
working section, and main and cross entries be­
fore such sections and main and cross entries 
are abandoned; and 

(c) Rooms advancing toward or adjacent to 
property or boundary lines or adjacent mines; 

(0) Contour lines passing through whole­
number elevations of the coalbed being mined, 
the spacing of such lines not to exceed ten-foot 
elevation levels, except that a broader spacing of 
contour lines may be approved for steeply 
pitched coalbeds by the person authorized to do 
so under the Federal act; and contour lines may 
be placed on overlays or tracings attached to 
mine maps; 

(11) As far as practicable the outline of exist­
ing and extracted pillars; 

(2) Entries and air courses with the direction 
of airflow indicated by arrows; 

(13) The location of all surface mine ventila­
tion fans, which location may be designated on 
the mine map by symbols; 

(14) Escapeways; 
(15) The known underground workings in 

the same coal bed on the adjoining properties 
within one thousand feet of such mine workings 
and projections; 

(6) The location of any body of water darned 
in the mine or held back in any portion of the 
mine, but such bodies of water may be shown on 
the overlays or tracings attached to the mine 
maps used to show contour lines; 

(17) The elevation of any body of water darned 
in the mine or held back in any portion of the 
mine; 

(18) The abandoned portion or portions of 
the mine; 

(19) The location and description of at least 
two permanent base-line points coordinated with 
the underground and surface mine traverses, 
and the location and description of at least two 
permanent elevation bench marks used in con­
nection with establishing or referencing mine 
elevation surveys; 

(20) Mines above or below; 
(21) Water pools above; 
(22) The location of the principal streams 

and bodies of water of the surface; 
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(23) Either producing or abandoned oil and 
gas wells located within five hundred feet of such 
mine and any underground area of such mine; 

(24) The location of all high-pressure 
pipelines, high-voltage power lines and principal 
roads; 

(25) The location of railroad tracks and pub­
lic highways leading to the mine, and the mine 
buildings of a permanent nature with identifying 
names shown; 

(26) Where the overburden is less than one 
hundred feet, occupied dwellings; and 

(27) Such other information as may be re­
quired under the Federal act or by the depart­
ment of mines. 

The operator of every underground coal mine 
shall extend, or cause to be extended, on or 
before the first day of March and on or before 
the first day of September of each year, such 
mine map thereof to accurately show the 
progress of the workings as of the first day of 
July and the first day of January of each year. 
Such map shall be kept up to date by temporary 
notations, which shall include: 

(1) The location of each working face of each 
working place; 

(2) Pillars mined or other such second min­
ing; 

(3) Permanent ventilation controls con­
structed or removed, such as seals, overcasts, 
regulators and permanent stoppings, and the 
direction of air currents indicated; and 

(4) Escapeways designated by means of sym­
bols. 

Such map shall be revised and supplemented 
at intervals prescribed under the Federal act on 
the basis of a survey made or certified by such 
engineer or surveyor, and shall be kept by the 
operator in a fireproof repository located in an 
area on the surface chosen by the operator to 
minimize the danger of destruction by fire or 
other hazard.3 

In most states, mine laws require that these 
maps be referenced to a rectangular coordi­
nate system and either two or three perma­
nent survey monuments on the surface of the 
mine property. These monuments should be 
described and shown on the mine map so that 
they can quickly be found for use by any 
surveyor having permission to utilize them. 
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They are particularly helpful for tying to­
gether adjacent mine workings. However, hav­
ing all maps and surveys connected to the 
National Geodetic Survey (NGS) network is 
desired. 

Underground mine maps are used by all 
mining personnel. Not only are they employed 
to comply with mine laws, they also provide 
relative location for anyone utilizing them. 
They are necessary to determine volumes of 
ore and rock extracted so quantity control can 
be checked and royalty payments calculated. 
Almost all deep-mine engineering work per­
formed after production begins depends on 
the maps. 

29-1-4. Surface-Mine Maps 

Surface-mine maps, open-pit maps, and 
strip-mine maps differ from underground 
maps and are very dependent on the produc­
tion operation plan of an individual mine. 
They resemble site plans or heavy-construction 
operations. Quantity determination is critical; 
thus, surface depiction is updated either daily 
or weekly. Often, payment is made on the 
basis of material moved by the contractor. 

A reclamation map is required for surface 
mining; it is produced using topographic maps 
and the assistance of other scientists. It shows 
both the premining and postmining plan of 
the land, including land use. 

Surveying control for surface mining usu­
ally does not need to be as accurate as for 
deep mining. It is an advantage to have per­
manent survey control, so construction stake­
out can be accomplished according to the 
plans and photo panels for aerial photography 
can be tied to a permanent system. This en­
hances regular updates of maps by aerial pho­
togrammetry, keeping quantity surveys both 
accurate and timely. 

29-1-5. Horizontal and Vertical 
Control for Mine Surveys 

Because of the hazards affecting miner 
safety, the cost to develop underground mines, 

and absence of the advantages in conventional 
surveying practice, a comprehensive surveying 
system must be established for each mining 
operation. Its base should be the NGS network 
for both horizontal and vertical control. 
Deep-mine surveys are performed three­
dimensionally. It is frequently necessary to 
correlate surveys on the earth's surface with 
those underground. If a rescue bore hold is 
requested between the surface and a position 
in a mine, time and a tested survey system are 
of the essence. 

Important surface features, such as high­
ways, power lines, gas lines, gas wells, and 
other structures, require system coordinates. 
Adjacent mine workings must be made part of 
the same system to eliminate encroachments 
and enhance mine planning. Without a good 
survey system, the three-dimensional working 
environment becomes cumbersome for an en­
gineering department. All surrounding mine 
and other maps must be reviewed and fitted to 
the master map of the mining operation. Too 
often, different coordinate systems exist for 
adjacent mines, the highway department, rail­
road company, gas company, surface land­
owner, mineral landowner, or a mineral seam 
holder at a different level. This problem needs 
to be solved at the project's beginning. 

Chrzanowski and Robinson recommend 
that three levels of surveying control be estab­
lished.4 The first level should be for basic 
control in the mining area and control in the 
permanent workings; the second for surveying 
the mine headings and development areas; 
and a third level should be for short traverses 
necessary to map and make daily projections 
for production. 

In the United States, the first level is gener­
ally a second- or third-order NGS network tie 
performed using NGS specifications. Often, 
this tie is contracted to consultants as part of 
the original surface surveying and mapping 
project. Figure 29-2 shows surveying monu­
mentation for an underground mine. 

The second level of control is usually sur­
veyed by mine company surveying personnel 
with theodolites, EDMIs, tapes, sometimes 
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Figure 29-2. Monumentation system for a deep mine. 

complemented by gyro-theodolites (Chapter 
24), automatic nadir plummets (Figure 29-3), 
and levels. The same personnel using theodo­
lites and tapes perform the necessry work for 
third-level control. Direction is particularly 
difficult to maintain underground. For this 
reason, it is advisable to employ good-quality 
theodolites that are maintained and checked 
at regular intervals. When a projection is 
being advanced over a large area, a gyro­
theodolite essentially enhances accurate direc­
tion. 

For good-quality surveying control, the chief 
mine surveyor must attempt to retain experi­
enced surveying personnel and provide mod­
ern and efficient equipment. Company­
adopted standards of practice can prove very 
helpful in developing the mine surveying con­
trol system, particularly in large mines. 

29-1-6. Underground Surveying 
Equipment 

Equipment for underground surveying is 
not too different from that used on the sur­
face. Theodolites are the primary angle­
measuring instruments; for underground use, 
they should be protected from dust and mois­
ture. Most theodolites produced today have 
been sealed at the factory. Theodolite mi­
crometers and cross hairs are illuminated by 
either an attached light or cap lamp. 

Special attachments are sometimes added 
when very steep slopes are encountered, but 
less frequently now because of an increasing 
shift to automatic nadir plummets and gyro­
theodolites, along with new technology.5 

Tripods differ if height restraints are met; 
sometimes, a special tripod has to be made for 
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Figure 29-3. ZNL automatic nadir plummet (Courtesy of 
Wild Heerbrug Instruments, Inc.) 

a particular need. When an EDMI is utilized, it 
is preferable to send signals transmitted 
through the telescope. Lower height restraints 
also work better with trigonometric levels. 
Since direction control is so critical, it is im­
portant that a reliable and accurate theodolite 
be employed on underground control tra­
verses. 

For distances, a steel tape is probably still 
used for 60% of the measurements. However, 
for higher-order underground and check sur­
veys, an EDMI is best. Use of EDMIs under­
ground is now very prevalent and significantly 

Figure 29-4. Spad and plug with plumb bob. 

improves survey system accuracy. One con­
straint exists in that, for safety reasons, an 
EDMI cannot be operated in some under­
ground environments. Some EDMIs have been 
made explosion-proof, but the extra weight 
and cost for this have not justified its use. 

A standard plumb bob is the most common 
target. It is illuminated by a cap lamp and 
hung from a spad in the roof (see Figure 29-4). 
Small reflectors are used underground with 
EDMls and conventional reflectors on forced­
centering traverses. Special explosion-proof il­
luminated reflectors can be attached to the 
spad (Figure 29-5). 

With the increased use of more-precise 
theodolites that provide accurate vertical or 
zenith angles, trig levels are common. Auto­
matic levels are still employed but on a much 
reduced scale. Level rods used underground 
are likely to be a fold-up engineer's rule or 
roll-up rule. Sometimes, a sawed-off conven­
tional rod is substituted, but less often, be­
cause of the different heights encountered. 

Total stations with data collectors are now 
being introduced underground but may be 
restricted for safety reasons. They must be 
capable of withstanding rough handling due 
to underground transportation, but they offer 
advantages by expediting data collection. 

29-1-7. Underground Traversing 
From permanent monuments outside the 

mine, control has to be transferred under-

Label for ID 
Spad 

Theodolite 

Roof 

Floor 



Figure 29-5. Illuminated mining prism attached on a 
spad. (Courtesy of Seco Manufacturing Co., Inc.) 

ground by traversing or plumbing down a 
shaft for coordinates, using a gyro-theodolite 
for direction control. Chrzanowski et al. have 
published good reference material on the 
transfer of control down shafts.6 Discussion in 
this section will focus on underground travers­
ing technology. 

Mter traversing to the mine site, by using 
conventional techniques, a position is estab­
lished on a spad in the roof underground, 
usually on a defined projection. A metal tag is 
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Figure 29-6. Traverse station underground. 
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attached to the spad for station identification. 
The identification can be a sequential num­
ber, conventional stationing number, or code. 
Figure 29-6 demonstrates traversing under­
ground. The theodolite setup underground is 
made by first suspending a plumb bob from an 
opening in the spad and then positioning the 
theodolite under the bob. A small centering 
point is drilled on the theodolite scope for this 
purpose. A telescope roof plummet offers an 
alternative for positioning under a spad. A 
backsight is taken to a plumb bob suspended 
from another spad, using the cap lamp to 
observe the string or target. The cross hairs 
and micrometer must also be lighted by a cap 
lamp unless a battery source is available for 
internal lighting. Figure 29-6 shows the data 
that must be collected at each station. 

Sight spads are frequently set to guide the 
production crews for alignment. These spads 
are usually located within 10ft of the travers­
ing spad on the projection for advancement 
and generally set perpendicular to it for cross 
cuts. These are only for use in production and 
should not be confused with traverse stations. 

Mter setting the spads for advancement and 
looping the traverse for closure, mapping is 
accomplished by measurements to pillar cor­
ners using pluses and offsets or in large rooms 
by angles and distances. These data are neces­
sary to map the underground workings. Thus, 
the first traverse run underground serves two 
purposes: (1) to extend control using a de­
signed alignment and operating plan and (2) 
serve as a reference for mapping. 

Floor 

1201_ 

,-
HS 
...L 
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Mter advancing a distance of lOOO to 1500 
ft, a check survey of higher order is performed 
using an EDMI with forced-centering tech­
niques. Longer distances are available for 
sights; thus, better direction accuracy is ex­
pected. The main purpose for this survey is to 
transfer the best coordinates and direction to 
the last two spads set. This can be accom­
plished using a gyro-theodolite to establish a 
direction on the last two spads and by measur­
ing the distances across the other spads inde­
pendently. In advancing an underground 
working a long distance, direction is much 
more critical to the traverse than distance. 
When a shaft is encountered, another check is 
made on the traverse, and the coordinates and 
direction of the underground survey are ad­
justed to fit the surface system. 

Experience is important in traversing un­
derground and often demands innovation 
when short sights cannot be avoided. To ex­
tend the projection direction, multiple setups 
under the same spad are made, and the aver­
age of the position ahead used for final loca­
tion of the spad. Surveyors must meet accuracy 
requirements because, ultimately, a test of the 
survey system will be made. 

29-1-8. Underground Leveling 
When leveling underground using conven­

tional surface surveying equipment, proce­
dures are the same except that stations are on 
the roof, either as a spad or roof bolt. Because 
the rod is positioned from above, backsights 
are considered negative and foresights posi­
tive. Time constraints have caused much un­
derground leveling to be performed while 
traversing with the theodolite and using 
trigonometry. Since the accuracies of vertical 
and zenith angles are adequate on theodolites, 
good leveling results are achieved by trig lev­
els. The I-min mining transits did not offer 
acceptable precision levels to achieve the same 
results, and it has been difficult to convince 
some surveyors of leveling exactness, when 
using modern theodolites. Before deciding 
leveling methodology for underground sur-

veys, the maximum allowable error should be 
established. Trig levels usually produce the 
desired results. 

29-1-9. Computer Usage in 
Underground Surveying 
and Mapping 

The process of reducing field notes, plot­
ting the results, and determining the quanti­
ties of ore and rock is a routine and tedious 
task best performed with computers and plot­
ters. Not only is valuable time saved, accuracy 
is also improved in mapping and quantity de­
terminations. A software package has been de­
veloped by Howard to use a low-cost micro­
computer interfaced with an interactive digital 
plotter to map underground coal workings.7 

Table 29-1 lists the pillar location commands 
and shows the proper sequence of data and 
codes in the pillar location command line. 
Braces { } indicate that one of the enclosed 
codes must be used. Brackets [ ] indicate the 
enclosed codes or data are optional. If an item 
stands alone, an entry is necessary. 

An example of command use to input field 
notes is shown in Figure 29-7, and a sample 
portion of a mine map prepared using this 
software depicted in Figure 29-8. For large 
mines, an integrated collecting, computing, 
and plotting system can be set up employing 
computers. 

29-1-10. Safety Considerations 
The surveyor, an important member of a 

mine management team, is responsible for 
miner safety, particularly with respect to the 
maps and surveys required in the operations. 
To produce the necessary maps and surveys, 
equipment such as EDMIs and gyro­
theodolites can cause serious safety problems 
if not properly used. The ambient working 
conditions encountered in mines pose difficult 
working environment problems associated with 
high-voltage electricity, mine gases, dripping 
water, poor visibility, noise, and heavy traffic. 
Surveyors must understand the safety implica-
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Table 29-1. Pillar location commands 

HDn: Identifies the heading (numbered serially from I, left to right) where n is the heading 
number. 

PLn: Identifies the next pillar to be located on the left side of the heading, where n is the 
pillar number. 

PRn: Identifies the next pillar to be located on the right side of the heading, where n is the 
pillar number. 

FS: 
TS: 

Identifies the spad from which the pillars are measured. 
Identifies the spad sighting on for azimuth determination. 

AZ: Defines the azimuth for the heading. Azimuth determination is made by this command 
or a pair of FS/TS commands. 

Pillar corner location command format 

Plus 

First \ 
Second 
Midpt. 

Wall 
Top 
Bottom 

{ Left ) 
Right 

tions of working with electronic equipment in 
this environment; its improper use in a gassy 
area mine can cause an explosion. Inaccurate 
measurements could lead to mining into old 
workings, possibly filled with water- or 
oxygen-deficient air. Accurate maps correlated 
with good surface and underground coordi­
nate systems are a must in the mining industry, 
particularly during rescue operations. 

Surveyors must know more than measure­
ment technology when working in deep-mine 
environments and should be trained in safety 
and first-aid. They need a fundamental knowl­
edge of mining technology, especially ventila­
tion and mine gas-handling practices. At least 
one survey crew member should be certified 
to use the mine safety lamp and methanome­
ter. For the safety of the miners and the survey 
crew, good communication is necessary be­
tween all those working underground. 

29-2. ABOVEGROUND* 

29-2-1. Background 
A variety of textbooks is available contain­

ing opinions, instructions, and legal citations 

* Aboveground section written by John S. Parrish. 

offset [offset] [{
COal } 1 Shale Hei ht 
Slate g 
Sandstone 

dealing with retracements, resurveys, restora­
tion of original corners, and subdivision of 
sections of the rectangular survey system. Ad­
ditional texts cover commercial subdivisions 
dealing with survey, resurvey, and restoration 
principles of lot, easements, air rights, rights 
of way, and other related urban land develop­
ment practices. Riparian law fills numerous 
volumes and restoration of lost corners on 
many types of metes-and-bounds [homestead 
entry surveys (HES), desert land claims (DLC), 
small holding claims (SHC), and land grants] 
parcels have been challenged in the court, 
resulting in some well-established common law 
practices being upheld and published. 

In spite of the ever-increasing library of 
information being written as a guide for sur­
veyors, there remains a critical void concern­
ing resurveys of a patented mineral survey. No 
established common law can be found to draw 
on for principle or instruction; the Bureau of 
Land Management's (BLM) Manual of Instruc­
tions8 (hereafter referred to as the 1973 man­
ual) contains almost nothing on the subject 
and the Mineral Survey Procedures Guide9 has 
only one-and-a-half pages on resurveys of 
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3 F524 
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5 -308LFRIO 14 
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7 8F"Rl2 
8 SOl<lL5RIO 14 
'3 70F"R13 
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Figure 29-7. Example of typical underground coal mine 
sUlVey notes and the pillar location commands to enter 
into the computer. The command number is generated by 
the program; only the command is entered by the user. 
(Courtesy of jack Howard, jr.) 

patented mining claims. Hereafter, any refer­
ence to "mineral survey" will mean "patented 
mineral survey." 

There are three typical forms of mineral 
surveys: (1) lodes, (2) millsites, and (3) placers. 
In most cases, lost corners of mill sites and 
placers are restored by the more commonly 
known "grant boundary" procedure. A grant 
boundary solution is generally acceptable when 
there is an insignificant deviation found be­
tween the corner monuments remaining and 
record plat/field notes. Most difficulties arise 
when the recovered corner monuments differ 

(S) 
(S) 
UJ 

W 

Figure 29-8. Sample mine map generated by plotter. 
(Courtesy of Jack Howard,jr.) 

considerably from the record, and/or un­
recorded gaps/overlaps are identified during 
the retracement phase of the resurvey work. 
The following discussion will center primarily 
around the patented lode mineral survey. 

29-2-2. Historical Development 
of Mineral Surveying 
Procedures 

Mineral surveys started in the early to mid-
1800s in the southeast portion of the United 
States. During the Gold Rush days of the mid-
1800s, surveys were made under various rules 



established by local mining districts or political 
entities. Survey procedures, monumentation, 
and recordation varied dramatically, often 
lacking in quantity and quality. Beginning in 
1865, several federal mining laws were en­
acted, the most significant being the Act of 
May 10, 1872. This 1872 act provides the Gen­
eral Mining Laws that are still in force today, 
with the addition of certain amendments. Spe­
cific standards and procedures for surveying 
mineral claims were detailed and have re­
mained essentially unchanged. Chapter 10, 
"Mineral Surveys," of the 1973 manual con­
sists of eight pages that briefly guide the deputy 
mineral surveyor on survey requirements and 
provide only hints for a retracement surveyor 
to follow. lO 

Special instruction issued to the deputy 
mineral surveyor by the former General Land 
Office (GLO) and today's BLM contains de­
tailed instructions for surveying a mineral 
claim for patent. Additionally, several books 
have been written and published providing 
detailed information on mineral surveys. Most 
of them contain similar information. Under­
hill, Mineral Land Suroeying, 11 published in 
1906, typifies this information and will be ref­
erenced on occasion throughout the discus­
sions to follow. 

Some significant and specific procedures 
govern surveys of mining claims that differ 
from the rectangular system or metes-and­
bounds surveys such as homestead entry sur­
veys, desert land claims, or land grants. Survey 
closure is required to be 1/2000, whereas lode 
claims may not exceed 1500 ft in length nor 
more than 300 ft in width on each side of the 
center lode line. Measurements to bearing 
trees are made to a cross X on the face of the 
tree (as opposed to the center). The survey is 
paid for by the claimant and only duly autho­
rized deputy mineral surveyors can perform 
mineral surveys for patent. Other important 
aspects involve the survey's intent with respect 
to discovery points, center lode lines, paral­
lelity of end lines, and extralateral rights, to 
name a few. 
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29-2-3. Common Surveying 
Practices 

Gathering and correctly interpreting all 
previous survey notes are imperative. Of equal 
importance is a knowledge of the actual field 
procedures and equipment used, though in 
conflict with that actually recorded. Experi­
enced surveyors recognize differences and 
utilize their knowledge to recover difficult 
original evidence and resolve record/physical 
conflicts in harmony with the intent of origi­
nal monumentation. It is important that sur­
veyors make note of actual or apparent origi­
nal surveying practices that conflict with 
recorded field notes and prescribed proce­
dures. 

Underhill's opening paragraph of Chapter 
4 of Mineral Land Suroeying offers some in­
sight on common practices and anticipated 
results. As he states: 

About the simplest survey that the western sur­
veyor is called on to make is that of a lode 
location. It is, however, somewhat complicated 
by the fact that as a rule he is assisted by the 
claimant himself in the work and thus often 
lacks an efficient assistant, with the result that 
the character of the results suffer.12 

It is important to note that Chapter 5, 
"Surveying for Patent," contains the follow­
ing: "The deputy surveyor then surveys the 
claim exactly as described for the location 
survey, except that the work is done more 
carefully, and with greater safeguards.,,13 
Forward-thinking deputy surveyors would usu­
ally survey a location as though for patent, 
thus saving efforts in redoing a survey after the 
patent survey request was authorized. The only 
additional work remaining was to mark the 
corners and accessories with the assigned min­
eral survey number prior to completion of 
"running" field notes. 

Examination of a typical set of mineral sur­
vey field notes of a lode will indicate (1) start­
ing at the discovery point, (2) running along 
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the center lode line to a center end-line point 
(monumentation optional depending on lo­
cale), (3) measuring to corner no. 1, (4) courses 
and distances between each successive corner 
(including the opposite center end-line point), 
and (5) physical closure back to corner no. l. 
If the field notes read differently, they would 
be rejected and the surveyor asked to rewrite 
them. In reality, the actual field procedure was 
probably as follows: beginning at the discovery 
point; then along the center lode line to a 
center end-line point; then offsetting left and 
right to the lode corners; then again from the 
discovery point measuring the calculated dis­
tance in an opposite direction not to exceed 
1500 ft along the center lode line to the cen­
ter end-line point; then offsetting (parallel to 
the opposite end line) left and right to the 
lode corners. 

In many cases-, the side lines were never 
actually run as recorded in the field notes. A 
noticeable lack of topographic calls along side 
lines over difficult terrain is a positive indica­
tor of that common practice. Additional sup­
port for this method is found in Mineral Land 
Surveying, where Underhill discusses survey 
procedures for lode locations: 

... At which point the claimant having desired 
to end his claim, a right angle is turned off 
(from the center lode line), and the stakes 
set ... on each side of the center line .... We 
now extend the line through No. 5 and No. 6 
[tangent points on the center lode line] and here 
knowing that the survey can be completed with 
another sight, the previous measurements are 
reduced to horizontals, the total subtracted from 
1500 and the result laid out. Comers No.3 and 
No.4 are then set as for the westerly end.14 

Retired and active deputy mineral surveyors 
confirm these procedures and common-sense 
analysis of existing conditions found during 
survey retracements verifies the practice. 

When multiple side-by-side lodes were run, 
the center lode line was seldom traversed and 

corners set by the shortest procedures avail­
able. Underhill suggested that 

In the case of groups of claims, the surveying 
may be often greatly simplified by a little fore­
thought. This is evident in the case of those 
locations which lie side by side when one sur­
veyed center line may serve for the whole group, 
the end lines being run from its two ends.15 

29-2-4. Surveying for Patent 

It is unnecessary to recite the many require­
ments of surveying for patent. It is appropri­
ate, however, to strongly recommend that all 
practicing land surveyors possess and become 
familiar with the 1973 BLM manual, the BLM's 
Mineral Survey Procedures Guide, and at least one 
or more textbooks similar to Underhill's Min­
eral Land Surveying. These publications outline 
the minimum requirements for surveying min­
ing claims and provide today's surveyor with 
valuable insight in understanding the prin­
ciples, procedures, and intent of a mineral 
survey. 

29-2-5. Intent: Parallelism, 
Discovery, 
Monumentation 

Land surveying is more an art than a sci­
ence. Recognizing the difference is important 
if valid and successful professional surveying 
services are to be provided to a client. Some 
simple decisions, when only one lode corner 
appears lost, are to apply a "grant boundary" 
solution; reestablish by record courses/dis­
tances; or reset from record calls to nearby 
lode corners. 

Lode sidelines are often reestablished on 
the ground from calls to points on lines of 
adjoining lodes. Referring to Figure 29-9, a 
surveyor may be asked to locate the line be­
tween corners 1 and 2 of lode A. Corner 2 of 
lode A is assumed lost and a tie to line 1-2 of 
lode A contained in the field notes for lode B. 
These notes state that line 1-2 of lode A is 
intersected at a point 500 ft along the course 
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Figure 29-9. Senior survey A and junior survey B show­
ing tie between line 1-2 of A and line 1-4 of B. 

from corner 4 to corner 1 of lode B and is 
1350 ft from corner 1 of lode A (or called 150 
ft from corner 2 of lode A). Clients desiring 
the least expensive survey possible, coupled 
with some surveyors' blatant acceptance of only 
record ties, often result in erroneous establish­
ments of desired deed lines. 

Figure 29-10 illustrates that point x has 
been established strictly from record and field 
ties to only one corner 1/lode A and corners 
1-4 lode B. Figure 29-11 shows that corners 3 
and 4 of lode A were eventually located, and 
lode A actually set differently on the ground 
than the record indicates. The initial blunder 
appears to be a "computed" tie for an inter­
section of lodes A and B after having tied 
only to the U.S. Mineral Monument (USMM). 
Such computed ties are common, and a junior 
lode surveyor is required to note conflicts with 
adjoining lodes whether or not actual corners 
are located. After corners 3 and 4 of lode A 
were recovered, it was a simple matter to search 
at record distances from corners 1 and 3 to 
find corner 2. 

3 
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Figure 29-10. Intersection point x established from 
record ties of survey B to line 1-2 of survey A. Corner 2 A 
was assumed lost. 

A well-established principle of the configu­
ration for a lode is that end lines are intended 
to be parallel. Figures 29-9 through 29-11 
demonstrate that each lode must stand on its 
own merits, both in monument control and 

4 

Figure 29-11. Corners:S and 4 of survey A were located, 
which led to the location of corner 2A. A 10° bearing 
blunder with survey A is noted. Line 1-2 of survey A was 
erroneously reestablished by using only the computed ties 
from survey B. 
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intent of patent for a specific claim. Adjoining 
suxveys can be used as secondary control, when 
physical evidence of a specific lode is totally 
lost. Actual existence of parallel end lines is 
similar to the supposition that all regular t 
corners are on line and at midpoint between 
section corners on either side. Seldom is this 
the case, but end lines are usually found to be 
substantially parallel. This principle, or intent, 
must be carefully considered during resuxvey 
work on a lode claim. 

Another important element of lode suxveys 
is the significance of discovery points. Without 
a discovery point, the lode could never have 
existed. Claimants must have worked their dis­
coveries sufficiently to validate a lode claim, 
and the location suxvey had to begin at the 
discovery point. Before a mineral claim is as­
signed a number and an order for suxvey 
issued with the intent for patent purposes, the 
discovery will be witnessed on several occa­
sions. If there is a total lack of corner evi­
dence' a discovery point cannot be found, 
improvements are nonexistent, and the ground 
has not been significantly disturbed by man or 
nature, it is suggested that a search for the 
lode be made elsewhere. It is not uncommon 
to eventually locate an actual claim several 
miles away from map-projected locations. Dis­
covery points alone, if verified beyond reason­
able doubt, can be used to reestablish lode 
locations in lieu of erroneous ties to secondary 
monuments, lines, or topographic features. 

The most significant components of a min­
eral suxvey are its monuments. These control­
ling points form the extent and terminus of 
the connecting lines for a lode. Acreage is 
subserviant to actual monuments and the area 
they contain. U.S. Code Annotated, Title 30, 
Mineral Lands and Mining states: 

... The said monuments shall at all times consti­
tute the highest authority as to what land is 
patented, and in case of any conflict between the 
said monuments of such patented claims and the 
descriptions of said claims in the patents issued 
therefor the monuments on the ground shall 

govern, and erroneous or inconsistent descrip­
tions or calls in the patent descriptions shall give 
way thereto. 16 

Corners and lines of adjoining suxveys should 
be used as a last resort and only when all 
evidence of controlling corners for the lode 
being resuxveyed are determined lost. 

29-2-6. RetraCing the Patent 
Once equipped with a better understanding 

of the suxveying procedures and intent of a 
patented mineral claim, a retracement can be 
approached with sharpened logic and greater 
success. Searching through and collecting all 
written field notes pertaining to the patented 
lodes are essential. Plats are part of the notes 
and require a thorough search for amended, 
revoked, and adjoining suxveys. Note-keeping 
styles varied greatly among deputy mineral 
suxveyors, and each state accepting differing 
formats. 

Be sure to acquire all the original field 
notes. Often, only notes containing descrip­
tions around lodes are secured, while perti­
nent calls to accessories, man-made structures, 
and natural features are recorded in the "gen­
eral description" following the lode traverse 
notes. When reviewing notes of multiple side­
by-side claims, read them carefully to deter­
mine to which lode corner the call relates. 
Occasionally, accessories are recorded on the 
face of a plat in lieu of field notes. When 
dealing with a corner common to two or more 
claims, be sure all claim descriptions are se­
cured and carefully read. It is not uncommon 
to record a bearing tree with one claim and 
delete the reference in the notes of an adjoin­
ing claim. Species, diameters, markings, bear­
ings, and distance sometimes conflict between 
notes of two adjoining suxveys. If only one set 
of notes is used and the correct information is 
contained in the second (unused) set of notes, 
a suxveyor could fail to recover evidence of an 
original monument. 

Many mineral suxveys were done with intent 
but later revoked for various reasons. Monu-



ments were seldom destroyed on these re­
voked surveys, and valuable ties may exist to 
aid in recovering evidence of adjoining 
patented claims. Though a corner of a re­
voked survey does not control a patented 
claim, it may prove valid for locating or 
reestablishing corners of an adjoining claim 
called for in its notes. 

Never attempt to reestablish a missing lode 
claim corner with searching out the evidences 
of all lode corners. A blunder along one end 
line or on the center lode line may be over­
looked if all corners are not searched for. 

Many mineral survey corners are over­
looked because a surveyor has not measured 
from the correct point on a bearing tree. 
Sections 10-34 and 10-38 of the 1973 manual 
provide instructions for measuring distances to 
bearing trees: "The exact point on the 
tree ... to which connection is made is indi­
cated by a cross or other unmistakable 
mark."17 Measurement to a cross on the face 
of the blaze or to the blaze without a cross has 
been standard practice for mineral surveys. 
Figure 29-12 illustrates the differences be­
tween distances measured from the centers of 
two bearing trees instead of to the face. Tree 
diameters and steepness of the hillside where 
the corner was set contribute to the success or 
failure in finding a rotted wood post below 
ground level, if distances are measured from 
the wrong points on the bearing trees. Bearing 
differences often are slight, providing little 
awareness of error by a retracement surveyor. 

Figure 29-13 shows only one original bear­
ing tree. Since bearings were usually less accu­
rate than measurements, it is necessary to 
search left and right of the reestablished bear­
ing off the bearing tree. With larger-diameter 
bearing trees, a crucial mistake could be 
made if distances are measured from the tree 
centers. 

Occasionally, a mineral surveyor employed 
crew members with experience in rectangular 
survey systems. These employees, through 
habit, may have measured distances to the 
centers of bearing trees, even though their 
instructions were to measure to the face or 
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cross. When such a situation is suspected, it 
must be evidenced by existing corner to bear­
ing tree measurements of the lode corners 
being retraced. 

29-2-7. Conflicting Patent 
Locations 

Not uncommon to mineral surveys are er­
roneous locations of claims on maps, in de­
scription, or by field-note ties included with 
subsequent surveys (either rectangular or 
metes and bounds). Searches for patented 
claim locations must be in an area of known 
mining activity. Placers are seldom found on 
ridges; lodes will often provide two or more 
discoveries; and millsites are usually located 
where buildings can be erected and access is 
easy. When all signs of such conditions are 
absent, start looking elsewhere for the claims. 

Government surveyors (GLO, BLM, and 
deputy mineral surveyors) were and are in­
structed to make actual ground ties to corners 
of conflicting mining claims and note crossing 
of claims along section lines. If these instruc­
tions were followed explicitly, such record ties 
could be used with confidence to reestablish 
apparent lost corners of mineral claims. Un­
fortunately, short cuts were and are still being 
made, leaving a challenge when locating cor­
ners of mining claims. Figures 29-14 and 29-15 
are actual, characterizing situations discovered 
during subsequent field investigations of lode 
surveys. 

Five adjoining millsites were surveyed in 
1883 and tied to their parent lode and a 
USMM on a ridge high above the millsites. 
(Figure 29-14). In 1922, a GLO survey of the 
line between sections 21 and 22 stated: 

... 47.19 chs. Intersect line 3-4 of Allen MiIlsite, 
Survey No. 19B, 881ks. S. 49° 15' W., from cor. 
No.3, which is a decayed pine post, 4 ins. 
square, set in mound of stone, mkd. and wit­
nessed as described by the surveyor general. 18 

This call placed corner 3 east of the section 
line. A tie was also called to line 1-2 of the 
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Record: 2\12 '-diameter fir bearing tree­
N 4 0 W, 62lks (40.9 ft) 

1 Y-I ft 

Not to scale 

Point B 

Record: 3' -diameter fir bearing tree­
N 42 0 E, 57 lks (37.6 ft) 

Point A: corner location erroneously 
reestablished at record distance-distance 
intersect from centers of original 
bearing trees 

Point B: actual remains of original 
wood post corner found 1.5 ft from 
point A and at record distances from 
face of blazes of original bearing trees 

Figure 29-12. Two original bearing trees. Original comer monument is wood post rotted portion remaining 
below ground level. 

millsite, and at the northwest corner of section 
21, a tie was made to USMM no. 5. The 1975 
dependent resurvey of the millsites and sec­
tion line found corner 3 of Allen millsite west 
of the section line, with no similarity to the 88 
link call. 

Field ties were made to the USMM, west ± 
and northwest corner of section 21, and 9 of 
the 12 corners of the millsites (3 lost by ero­
sion and road construction). A 30-ft error from 
record was found between the USMM and 

millsites and a lO-ft error between the north­
west corner of section 21 and the USMM. The 
parent lode for Allen millsite contained the 
USMM, with ties to an adjoining lode to the 
south and millsites east. It is evident that ties 
from the millsites to the USMM were com­
puted through the lodes in 1883. Likewise, 
intersections of the section line with the mill­
site were computed through 1883 record ties, 
after making a tie to USMM no. 5. Consider 
the erroneous relocation of the millsites if 
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Probable location of 
"./ comer at record distance 
'~B ./ fro~ face of blaze of original 
~ X bearmg tree 

Not to scale 

',- tV / " 

l' /A " 

"" 
Erroneous search area at 
record distance from center 
of original bearing tree 

Record: 4 '-diameter pine bearing tree­
S 40 0 W. 76 Iks (50.2 ft) 

FIgUre 29-13. A thorough search at pomt B, left and right of the record bearing from the bearing 
tree, is the most likely location to find the original comer. 

their original corners had not been found, 
and 1922 GLO ties were used to relocate" lost" 
corners of these millsites. 

In 1904, the Interior Board of Land Adjust­
ments (IBLA) rendered an opinion concern­
ing the locations of two patented lode claims. 
A patent had been used for the Emma Nevada 
Lode (Survey No. 4348) on December 14, 1886. 
The Silver Monument Lode (Survey No. 
15,714) received patent on April 28, 1902. 
Both were tied to the southwest corner of 
section 7, with the Silver Monument Lode tied 
also to the south t of section 7 (Figure 29-15). 
Later in 1902, the grantee of the patented 
Emma Nevada Lode filed a protest against the 
patent application for the Silver Monument 
Lode, claiming a conflict existed in the field. 
The protest was dismissed on the grounds that 
no evidence of such a conflict existed by ex­
amination of notes and plats for the two lode 
claims. The Emma Nevada Lode grantee ap­
pealed, and a field investigation was eventually 

made, confirming the existence of a conflict 
between the two lodes. 

Defense for the patentee of the Silver Mon­
ument Lode stood firm on the premise that no 
conflict existed, due to the fact that the records 
did not conflict and ties to the section and 
quarter-section corner were an integral part of 
the locus (Iocation) of a patented claim. Argu­
ment was finally reduced to the physicalloca­
tions of the corners of each lode, without 
regard to their ties to corners of the public 
surveyor USMM. The principle of "monu­
ment control" was upheld, with the patent 
being rejected to any portion of the Silver 
Monument Lode actually in conflict with the 
Emma Nevada Lode. 

Examination of the Emma Nevada/Silver 
Monument Lode conflict reinforces the fact 
that care must be used when reestablishing 
lost mineral claims from corners of the public 
survey, USMMs, or other recorded calls to 
adjoining claims. Similar situations are more 
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Section 17 

Section 20 

Section 16 

Point of intersection 
with millsite 19B 

Section 21 

Section 17 Section 16 

Actual intersection 
- .::: with millsite 18B 

- ~ tI 

Section 20 
~~0 

a: Section 21 

FJgUl'e 29-14. Left, 1922 GLO survey with ties to millsite 19B and USMM no. 5. Right, dependent resUIVey showing 
numerous discrepancies in record ties between GLO and mining claim. Section line intersection with millsite 19B was 
calculated through GLO tie to USMM no. 5 and parent lodes. 

the exception than the rule, but exist fre­
quently enough to warrant special attention 
when no physical evidence of the lode is locat­
able. 

29-2-8. Restoration of Lost or 
Obliterated Mineral 
Survey Corners 

Legal precedence concerning reestablish­
ment guidelines for lost minerai survey cor­
ners is lacking, so careful consideration of the 
intent and original survey procedure must in-

fluence resurvey decisions. Information shown 
in Figure 29-16 provides three solutions: (1) 
parallel end line/sideline, (2) grant boundary, 
and (3) record end line/sideline. No solution 
will restore the lode close to its record size. 

Solutions 1 and 2 provide essentially the 
same results, but 1 maintains the strict paral­
lelity of end lines with slightly more acreage 
than 2. Bearings along the end and sidelines 
are close to record and either solution 1 or 2 
would be difficult to argue. Solution 3, how­
ever, least resembles the intent of the original 
survey, resulting in substantially nonparallel 
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Section 7 

I Emma I I Nevada I 
I No. 4348 1 

Patented I 1 I Field investigation revealed 
I 6/4/1889 I 1 Silver I No. 15,714 actually N:"":'--...J Monument conflicted with No. 4348. / "\ I No. 15,714 1 Ties to public-land corners 

/ SW Corner I Patented 1 were in error for the Silver 
~/ ~~~1902...J Monument Lode. 
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of'v/ ~"! ~ // \ 
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SE Section 
Corner 

Ftgure 29-15. "Record" bearings and distances from southwest corner and south 1/4 corner of section 7 to 
southwest corners of surveys no. 4348 and 15,714. Plats and notes did not indicate a conflict between lodes. 

end lines, notably disproportionate sidelines, 
and an acreage slightly larger than patented. 
Parallel end lines should be the decisive factor 
with the given conditions. 

Figure 29-17 adds a more difficult conflict 
to the same lode, with an apparent 2° blunder 
along the westerly end line. When both dis­
tances and bearings depart significantly from 
record, a grant boundary solution (solution 2) 
provides a poor resemblance to the original 
record intent. The record distance-distance so­
lution 3 still violates the intent of parallel end 
lines. Again, the recommended solution is l. 

Figures 29-17 and 29-18 were purposely se­
lected with final acreage being less than that 
contained in the patent to emphasize the prin­
ciple that acreage is nearly always the last 
consideration. If the lode had been long on 
the sideline, then excess acreage would have 
been enjoyed by the patentee. 

The 1980 Mineral Survey Procedures Guide 
provides brief direction for reestablishing 
missing lode corners when one, two, or three 
corners are missing. The opening paragraph 
appropriately states: 

There is no hard and fast rule for establishing 
missing comers of mining claims. The method 
should be selected that will give the best results, 
bearing in mind that end lines should remain 
substantially parallel.19 

Many surveyors agree with solutions to situa­
tions A, B, and C of Figure 7. The 1980 guide 
recommends using the broken boundary 
(nonriparian) or grant boundary method in 
many cases, but caution is again recom­
mended if significant differences are found 
between the actual and record bearings and 
distances. 
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Figure 29-16. Lode comers 1, 2, and 3 located. Comer 4 missing. Recovered end 
line/sideline close to record bearing but 20-ft blunder found on sideline. 
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Figure 2!/-17. Lode corners 1, 2, and 3 located. Corner 4 missing. Recovered end 
line/sideline substantially different from record in both distance and bearing. 
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Figure 29·18. Corners common to several claims. No gaps or overlaps exist. 

29-2-9. Gaps and Overlaps Not 
of Record 

Contained among the sporadic and over­
lapping mineral survey complexes are thou­
sands of platted gaps and overlaps. Since 
mineral surveys are predicted on a claim of 
mineral deposit (and associated millsites), there 
exists no need or provision to patent all the 
surface area into neat manageable blocks of 
land. Seldom are platted gaps or overlaps ac­
tually the same dimensions as recorded, and 
frequently they are much larger or nonexis­
tent. In addition to the inequities found with 
the platted gap or overlap is the reality that 
thousands of gaps or overlaps not officially 
platted are discovered during resurveys of 
mineral claims. 

Mineral claims were often surveyed adjoin­
ing each other, with corners common to two 
or more claims. There is no doubt that all 
claim lines are common (Figure 29-18). When 
claims are offset with corners called along the 
lines of adjoining claims, a potential for gaps 
or overlaps exists. Referring to Figure 29-19, 
that the record notes and plat for lode B call a 
portion of line 1-4 (Jode A) common to line 
2-3 (Jode B). Bearing and distance from cor­
ner 2 (Jode B) are called to corner 1 (Jode A); 
line 2-3 (Jode B) is called along line 1-4 (lode 
A); corner 4 (lode A) is called along line 2-3 
(Jode B). With all these record calls, one would 
expect to find common lines between lodes A 

and B. Unfortunately, such common lines sel­
dom exist. Many discrepancies are found with 
the record, and it becomes the responsibility 
of a surveyor to identity the lines of specific 
claims. 

A tendency may exist to "fill in the gap" 
and ignore the "overlap." Analysis of condi­
tions leading up to the development of un­
recorded gaps or overlaps is necessary at this 
time. Lode A, in Figure 29-19, was surveyed 
prior to lode B and a patent issued, with the 
location and acreage strictly dependent on the 
positions of corners 1 through 4. If no end 
line or sideline monuments were set, then 
lode A would be delineated by straight lines 
between the successive corners. Lode B was 
surveyed several years later and a patent also 
issued, based strictly on the corners of lode B. 
If lode B actually conflicts (overlaps) with lode 
A, then surface ownership will remain with 
lode A for that portion of conflict. When lode 
B is discovered a distance away from lode A, 
then a gap is identified and title to the strip of 
land vested in the owner of record adjoining 
lodes A and B. 

Another example of a gap or overlap situa­
tion can be found in Figure 29-20, where 
corner 6 of the Abundance Lode is found 27 ft 
on either side of line 1-4 of Abundance No.2 
Lode. A field survey reveals that line 5-6 is 
substantially parallel with line 2-3 of the Abun­
dance Lode. There is no legal justification for 
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3 1500 ' 2 

All Corners Are Found 
A (1891) 

4 1 
3 1500' 

§ B (1902) 

4 1500' 

A (1891) 

B (1902) 

Figure 29-19. Monuments of the specific patented lode control bounds for surface ownership. Gaps and 
overlaps are often discovered (not created) during resurvey. 

moving corner 6 onto 1-4 of Abundance No.2 
Lode. Conversely, creating an angle point at 
corner 6, along line 1-4 of Abundance No.2 
Lode, would increase or decrease the acreage 
of Abundance No. 2 Lode without defensible 
reason. 

When a mineral survey corner is lost, such 
as corner 4 of lode B (Figure 29-21), and 
called for on the line of an adjoining claim, it 
becomes imperative to retrace all existing cor­
ner locations prior to reestablishing the lost 
corner. When a blunder is identified in dis­
tance and/or bearing, the claim boundaries 
must be reestablished with closest conformity 
to the original location of the claim corners. 
With the discovery of a 20 blunder between 
lodes A and B and the relatively accurate 
lengths of the known end and sidelines of lode 

B, mlssmg corner 4 cannot logically be 
reestablished on line 1-2 of lode A. 

29-2-10. Summary 
Examples have already been discussed in 

which ties to USMMs and public-land corners 
have been determined erroneously. Distant ties 
are more likely to have been computed, less 
accurate in measurement, and thus not as 
valuable in reestablishing missing mineral 
claims or claim corners. When physical evi­
dence conflicts with record ties and no rea­
sonable solution is apparent, it may simply 
evolve to the principle of "closest and best." 
Courts usually decide on the validity of a sur­
vey procedure based on a preponderance of 
evidence. If surveyors can demonstrate reason-
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Missing Corner: Called for on "Senior Line" 
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Legend: • Found Corner 

Figure 29-21. Missing corner 4 of B (1900) is reestablished by a distance-distance intersect from corners 1 and 
3 of B (1900), using existing end line/sideline distances of B (1900). A gap will exist between A and B. 

able effort in having gathered all the evidence, 
logically explain their solutions, express a good 
working knowledge of the background and 
intent of an original survey, then they will 
likely be successful when survey projects are 
challenged in court. 
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Public-Land Surveys* 

Roy Minnick and John S. Parrish 

30-1. ORIGINAL SURVEYSt 

30-1- 1. Introduction 
The public-land survey system covers all of 

the continental United States except the origi­
nal 13 colonies, Texas, and Hawaii. It is a 
system begun by federal law in 1785 and was 
largely put in place by 1805. Most changes 
since that time have been refinements to the 
system, rather than major revisions. The sys­
tem established the concept of surveying and 
marking the land prior to the government's 
selling the land to its citizens. Though a novel 
concept in the world of 1785, it was success­
ful in encouraging rapid settlement of the 
continent by placing most land in private 
ownership. 

The monuments and records left by the 
original public-lands surveys provide the basis 
for land titles in the public-land states, and 
locating, relocating, restoring, or interpreting 
traces of the surveys is a difficult and complex 
task that often results in widely varying inter-

tOriginal SUIVeys section written by Roy Minnick. 

pretations that often must be settled by legal 
means. 

History of U.S. Public-Land Surveys 

On May 20, 1775, the Continental Congress 
passed an ordinance calling for some mode of 
locating and disposing of lands in the western 
portion of the United States. Under this ordi­
nance, the first public-land surveys were made. 
On May 18, 1796, Congress provided for the 
appointment of surveyor general and directed 
the survey of the lands northwest of the Ohio 
River and above the mouth of the Kentucky 
River. By an act of Congress, approved April 
25, 1812, all matters connected with the sur­
veying and sale of the public lands, or in any 
way relating to those lands, were placed under 
the jurisdication of the General Land Office 
(GLO), the chief officer of which was the com­
missioner of the GLO. Originally, this office 
was in the Department of the Treasury, but it 
was later transferred to the Department of the 
Interior, where it remainded. The Act of july 

"Retracement SUIVeys section written by John S. Parrish, and begins on page 770. Analysis, procedures, and 
suggestions presented here are solely the responsibility of this author and no liability ur responsibility shall be incurred by 
the government agency with whom this author is employed. 

729 



730 Publicl.and Surveys 

16, 1946, abolished the GLO and its duties 
were assigned to the newly created Bureau of 
Land Management (BLM). 

All executive duties relating to the public 
lands were performed by the commissioner of 
the GLO, under the direction of the Secretary 
of the Interior. Mter the GLO was abolished, 
these duties were performed by the direction 
of the BLM. The work of carrying out the field 
surveys and preparing and maintaining the 
office records for U.S. public-land surveys is 
the function of a group of civil-service employ­
ees, and the work in each surveying district is 
in direct charge of one person. The execution 
of U.S. public-land surveys must follow the 
instructions issued in the Manual of Instructions 
for Survey of the Public Lands of the United States 1 , 

which has been published at various times by 
the Department of the Interior and printed by 
the U.S. Government Printing Office. It is sup­
plemented by (1) standard field tables that 
contain tables particularly useful to U.S. pub­
lic-land surveyors and (2) an ephemeris that 
contains data relating to the daily positions of 
the sun and Polaris. 

From the time when the U.S. public-land 
surveys were first authorized until 1910, all 
federal land surveys were carried out by pri­
vate surveyors working under a contract with 
the government. By an act of Congress, ap­
proved on June 25, 1910, provision was made 
for the establishment of a permanent corps of 
surveyors, employed under civil-service regula­
tions, but the office of surveyor general was 
retained. The old contract system of surveying 
was ended, and the direct system of surveying 
by employees of the government was instituted 
and remains to this day. 

Public Lands Defined 

The original public domain included the 
lands that were turned over the federal gov­
ernment by the Colonial states, areas acquired 
later from native Indians or foreign powers, or 
after private acquisition, have been returned 
by law to public ownership and the status of 
public lands. Mter admission of states into the 

Union, the federal government has continued 
to hold title to and administer the unappro­
priated lands. Various acts expressly provide 
that the title to unappropriated lands within 
these states shall be retained by the United 
States. Lands in the territories not appropri­
ated before they were acquired are the exclu­
sive property of the United States, to be ad­
ministered, or for disposal by such titles as the 
government may deem most advantageous. 
Congress has the power, derived from Article 
IV, Section 3, of the Constitution, of disposing 
of the public domain and making all rules and 
regulations. 

The director of the BLM determines what 
are public lands, what lands have been sur­
veyed, what are to be surveyed, what have 
been disposed of, what remains to be disposed 
of, and what are reserved. The United States, 
through the Department of the Interior, has 
the authority to extend the surveys as may be 
necessary to include lands erroneously omit­
ted from earlier surveys. There are provisions 
for administrative and legal relief should con­
troversy arise between the United States and 
landowners who may be affected by Depart­
ment of Interior decisions. 

Beds of navigable bodies of water are not 
public domain and not subject to survey and 
disposal by the United States. Sovereignty is in 
the individual states. Under the laws of the 
United States, the navigable waters have always 
been common highways. This includes all 
tide-water streams and other important per­
manent bodies of water, whose natural and 
normal condition at the date of the admission 
of a state into the Union was such as to classify 
it as navigable water. Tidelands that are cov­
ered by the normal daily overflow are not 
subject to survey as public land. 

Swamp and overflowed lands in Alabama, 
California, Florida, Illinois, Indiana, Iowa, 
Louisiana, Michigan, Minnesota, Mississippi, 
Missouri, Ohio, Oregon, and Wisconsin, 
through public domain, pass to the states upon 
identification by public-land survey, and ap­
proved selection, the title being subject to the 
disposal by the states. The Act of March 2, 



1849 (9 Stat. 352) granted to the state of 
Louisiana all its swamp and overflowed lands 
for the purpose of aiding in this reclamation. 
The Act of September 28, 1859 (9 Stat. 519), 
extended the grant to other public-land states 
then in the Union. The grant was also ex­
tended to Minnesota and Oregon by the Act 
of March 12, 1860 (12 Stat. 3). These various 
grants were carried over into R.S. 2479 (43 
U.S.c. 982). A notable exception to the 
swampland laws is found in the Arkansas Com­
promise Act of April 29, 1898 (30 Stat. 367; 43 
U.S.c. 991), by which all right, title, and inter­
est to the remaining unappropriated swamp 
and overflowed lands reverted to the United 
States. 

Swamp and overflow grants apply to eleva­
tions below the uplands where, without the 
construction of levees or drainage canals, the 
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areas would be unfit for agriculture. The grants 
apply to all swamp and overflowed lands unap­
propriated at the dates of the granting acts, 
whose character at that time would bring them 
within the provisions of the grant. Figure 30-1 
shows the states that were created out of the 
public domain. In 1983, 2,265,144,960 acres 
remain under administration of the federal 
government. 

Laws Relating to the Public Lands 

Principal early laws are found in the follow­
ing: 

1. "An ordinance for ascertaining the mode of 
locating and disposing of lands in the west­
ern territory, and for other purposes therein 
mentioned," passed by the Continential 
Congress on May 20, 1785. 

Figure 30-1. States created out of the public domain. (Manual of Instructions for the Survey of the Public Lands of the 
United States-1973. 1975. Reprint. Rancho Cordova CA: Landmark Enterprises.) 
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2. The Acts of May 18, 1796 (I Stat. 464); May 
10, 1800 (2 Stat. 73); February 11, 1805 (2 
Stat. 313); April 25, 1812 (2 Stat. 716); April 
24, 1820 (3 Stat. 566); April 5, 1832 (4 Stat. 
503);]uly 4,1836 (5 Stat. 107); and March 3, 
1849 (9 Stat. 395). 

Based on these early laws, that part of the 
Northwest Territory that became the State of 
Ohio was the experimental area for the devel­
opment of the rectangular system. Here the 
plans and methods were tested in a practical 
way. Notable revisions of the rules were made 
as surveys progressed westward, until the gen­
eral plan was complete. 

Adoption of the rectangular system marked 
an important transition from the surveying 
practice that generally prevailed in the Colo­
nial states, where lands were described by ir­
regular metes and bounds, each parcel de­
pending more or less on the description of its 
neighbors. All the early laws were incorpo­
rated in the revised statutes and Title 43 of the 
U.S. code. 

The federal government never enacted a 
unified land law. Instead, federal legislation 
was enacted to meet the immediate needs of a 
nation possessing large tracts of unmapped 
and vacant land. Much of the early legislation 
related to the survey and distribution of the 
public domain. More recently, the legislation 
has centered around regulation, use, and re­
source management. 

General Rules fOl Public-Land Surveys 

Generally, from examination of federal leg­
islation, the following synopsis is prepared: 

1. The boundaries and subdivisions of the pub­
lic lands are unchangeable after the United 
States passes title. Title may be passed after 
the public lands have been surveyed by of­
ficial surveyors operating under approved 
instructions. The survey consists of establish­
ing monuments on the ground, and the 
preparation of field notes and plats ap­
proved by the legally constituted authority. 
Currently this is the chief of cadastral sur­
veys in the BLM. 

2. The original township, section, quarter-sec­
tion, and other original monuments must 
stand as the true comers of the subdivisions 
they were intended to represent and will be 
given controlling preference over the 
recorded directions and lengths of lines. 

3. Quarter-quarter-section comers not estab­
lished during the original survey shall be 
placed on the line connecting the section 
and quarter-section comers, and midway be­
tween them, except on the last half-mile of 
section lines closing on the north and west 
boundaries of the township, or on other 
lines between fractional or irregular sec­
tions. 

4. The centerlines of a regular section are to 
be straight, running from the quarter-sec­
tion comer on one boundary of the section 
to the corresponding comer on the opposite 
section line. 

5. In a fractional section where no opposite 
corresponding quarter-section comer has 
been or can be established, the centerline of 
such section must be run from the property 
established quarter-section comer as nearly 
in a cardinal direction to the meander line, 
reservation, or other boundary of such frac­
tional section, as due parallelism with sec­
tion lines will permit. 

6. Whenever possible, lost or obliterated cor­
ners of the approved surveys must be re­
stored to their original locations. 

30-1-2. The Manual of 
Instructions for Survey of 
the Public Lands 

The Manual of Instructions for Survey of the 
Public Lands of the United States, hereafter re­
ferred to as the 1973 manual, describes meth­
ods approved by the federal agency responsi­
ble for surveys of the public lands. The 1973 
manual's purpose is to ensure that the surveys 
are made in conformance to statutory and its 
federal judicial interpretation. It is, in modern 
terminology, a procedures manual for use of 
the BLM personnel. Contrary to popular be­
lief, it has not binding effect on other survey­
ors, unless specifically required under state 
laws. The 1973 manual is, however, studied 



carefully by most property sUIveyors in public­
land states, since it provides insight into survey 
techniques and provides the basis for retracing 
original survey lines. 

From time to time, when special situations 
occurred that were not covered in the general 
manual, special instructions were issued. These 
are usually available in the survey records of­
fices of the BLM. These special instructions 
form a part of the survey record for the public 
lands. 

30-1-3. Development of the 
Manual 

Surveying, in general, is the art of measur­
ing and locating lines, angles, and elevations 
on the surface of the earth, within under­
ground workings, and on the beds of bodies of 
water. A "cadastral survey" creates (or reestab­
lishes) marks and defines boundaries of tracks 
of land. In the general plan for survey of the 
public lands, this includes a field-note record 
of the observations, measurements, survey 
marks placed in the ground, and a plat that 
represents the cadastral survey, all subject cur­
rently to approval of the director, BLM. 

The surveys of public lands have been con­
ducted since 1785. The first surveys, covering 
parts of Ohio, were made under the supervi­
sion of the geographer of the United States, in 
compliance with the Ordinance of May 20, 
1785. Detailed instructions were not needed in 
these initial surveys, because only the exterior 
lines of the townships were surveyed and only 
mile corners established. Township plats were 
marked by subdivisions into sections or "lots" 
1 mi square, numbered from 1 to 36, com­
mencing with no. 1 in the southeast corner of 
the township, and running from south to north 
in each sequence to no. 36 in the northwest 
corner of the township. 

The Act of May 18, 1796 provided for the 
appointment of a surveyor general, whose duty 
was to survey the public lands northwest of the 
Ohio River. Half the townships were to be 
subdivided into 2-mi blocks, and the rule for 
numbering of sections within the township was 

Public-Land Surveys 733 

TOWNSHIP LINE 
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7 8 9 10 II 12 
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30 29 28 27 26 25 

31 32 33 34 35 36 

Figure 30-2. Regular township showing current method 
of numbering sections. (Manual of Instruction fur the Survey 
o/the Public Lands of the United States-l 973. 1975. Reprint. 
Rancho Cordova CA: Landmark Enterprises.) 

changed to that practiced today (see Figure 
30-2). Subsequent laws called for additional 
subdivision, and the system of surveys was 
gradually refined to its present form. General 
instructions were given to the surveyor general 
by the Secretary of the Treasury, then in 
charge of land sales, and later by the commis­
sioner of the GLO. Instructions to deputy sur­
veyors, those actually in charge of the field 
work, were issued by the surveyor general. A 
surveyor of the lands of the United States 
south of Tennessee was appointed in 1803, 
with the same duties as the surveyor general, 
and eventually a surveyor general was ap­
pointed for each of many public-land states 
and territories. 

In 1831, the commissioner of the GLO is­
sued detailed instructions to the surveyor gen­
eral concerning surveys and plats. The appli­
cable parts were incorporated by individual 
surveyors general in bound volumes of instruc­
tions suitable for those in the field by deputy 
surveyors. From these directions evolved the 
Manual. The Act of July 4, 1836 placed the 
overall direction of the public-land surveys un-
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der the principal clerk of surveys in the GLO. 
The immediate forerunner of the manual was 
printed in 1851 as Instructions to the Surveyor 
General oj Oregon; Being a Manual Jor Field Oper­
ations.2 Its use was extended at once to Cali­
fornia, Minnesota, Kansas, Nebraska, and New 
Mexico. A slightly revised version of these in­
structions were issued as the 1855 manual. 
Source for the current 1973 manual and 
reprints of the older manuals are listed at the 
end of this chapter. 

30-1-4. Manual Supplements 

Two supplements are available for the 1973 
manual, as follows: 

1. The Ephemeris of the Sun, Polaris and Other 
Selected Stars with Companion Data and Tables, 3 

which has been published annually, in ad­
vance, since 1910. 

2. Restoration of Lost or Obliterated Corners, and 
Subdivision of Sections, a Guide for Surveyors.4 

The subject matter under this title first ap­
peared in the decisions of the Department 
of the Interior, 1 L.D. 339; 2d ed., 1 L.D. 
671 (1883). There have been several revi­
sions and extensions, the latest in 1973. Pro­
viding an introduction to the rectangular 
system of public-land surveying and resur­
veying, with a compendium of basic laws 
relating to the system, it answers many com­
mon questions arising in practical work. It is 
intended especially for persons outside the 
BLM, who are interested in former or pre­
sent public lands. 

30-1-5. Distance Measurement 

By law, the chain is the unit of linear mea­
sure for survey of the public lands. The gen­
eral exception is the survey of town sites, where 
the measurement is in feet. Other exceptions 
are made to meet special requirements. Mea­
surements recorded on the public-lands sys­
tem are supposed to be horizontal distances, 
given in miles, chains, and links. The following 

units of measure are encountered in the so­
called "public-land states": 

1 chain (ch) = 66 ft 

1 ch = 100 links 

80 ch = 1 mi 

1 ch = 4 rods 

1 ch = 4 poles 

1 ch = 4 perches 

1 link = 0.66 ft 

1 rod = 16t ft 

1 mi = 5280 ft 

1 mi = 80 ch 

1 sq mi = 640 acres 

1 acre = 43,560 sq ft 

1 acre = 10 sq ch 

1 sq rood = t acre 

1 vara av = 33.372 in. (Florida) 

1 vara av = 33.333 in. (Texas) 

1 arpent = 0.8507 acres 

(Arkansas and Missouri) 

1 arpent = 0.84625 acres 

(Mississippi, Alabama, 

and Florida) 

1 arpent = 0.845 acres (Louisiana) 

1065.75 ft = 1000 French ft 

(Louisiana) 

Side ofa sq arpent = 192.50 ft 

(Arkansas and Missouri) 

Side ofa sq arpent = 19l.994 ft 

(Mississippi, Alabama, 

and Florida) 

Currently, distance measurements are usu­
ally made with steel tapes, varying in length 
from 1 to 8 ch. Graduations are in chains and 
links and sometimes tenths of links. Earlier 
surveys were usually measured with a device 
that actually resembled a chain (see Figure 
30-3). In recent years, the use of electron­
ic measurement devices has become more 
commonplace. 



Figure 30-3. Surveyor's chain. (Courtesy of F. D. Uzes.) 

30-1-6. Direction Measurement 
The direction of each line of the public-land 

surveys is determined with reference to the 
true meridian defined by the axis of the earth's 
rotation. Bearings are stated in terms of angu­
lar measure referred to the true north or 
south. 

Prior to the issuance of the 1890 manual, 
the surveyor's compass (Figure 30-4), utilizing 
a magnetic needle, was frequently used to 
obtain the direction of a line. Mter 1890, the 
magnetic compass could be used only in sub­
dividing sections and meandering, if the area 
was known to be free of local attraction. Mter 
the 1894 manual was issued, all directions of 
lines had to be surveyed with reference to the 
true meridian, independent of the magnetic 
needles. 

A field-note record is required of the aver­
age magnetic declination over the area of each 

Figure 304. Surveyor's compass. (Courtesy ofF. D. Uzes.) 
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survey. The value is shown on the plat and in 
the field notes. The principal purpose of this 
record is to provide an approximate value for 
use in local surveys and retracements, where a 
start is to be made by the angular value of the 
magnetic north in relation to the true north. 

30-1-7. Establishing Direction 
Current practice is to determine true 

azimuth by one of the following methods: 
(1) direct observations of the sun, Polaris, or 
other stars; (2) observations with a solar at­
tachment; or (3) the turning of angles from 
triangulation stations of the horizontal control 
network. Use may also be made of a gyro-theo­
dolite, properly calibrated and previously 
checked on an established meridian. Detailed 
information on methods of survey currently 
authorized is found in the current 1973 man­
ual. For earlier methods of survey, refer to the 
manual in force at the time period under 
study. 

30-1-8. The System of 
Rectangular Surveys 

The underlying principle of the rectangular 
system of public-land surveys is to provide a 
simple and certain form of real property 
boundary identification and a certain land de­
scription of the parcels of public-lands. The 
survey has been in progress since 1785. Al­
though most original public land surveys no 
longer cover extensive land areas, a knowl­
edge of the original survey methods is es­
sential to retrace survey lines and locate the 
landmarks and monuments that identify pub­
lic-load property boundaries. Federal law pro­
vides for the general methods of survey. In 
accordance with the law, various specific in­
structions have been issued for the conduct of 
the actual field surveys to layout and mark the 
lines on the ground. 

Initial points for the commencement of the 
public-land surveys have been selected when­
ever needed, under special instructions from 
the GLO. Each initial point is a well-marked 
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point perpetuated by a permanent monument, 
whose latitude and longitude are determined 
and recorded. The positions of the initial 
points are shown in Table 30-1, and the areas 
governed by each meridian in Figure 30-5. 

The rectangular system of surveys, when it 
began in present-day Ohio in 1785, was exper­
imental, and the first initial point was not 
selected until 1805. The first survey, e.g., used 
the west boundary of Pennsylvannia. Other 
references were used in Ohio and are listed in 
Table 30-2. For additional reading on Ohio 
surveys, see Peter's Ohio Lands and Their 
History.5 

Principal meridians and base lines are es­
tablished through each initial point to provide 
a reference for the survey (see Figure 30-6). A 
principal meridian is run on a true meridian 
extending north and south. Regular quarter­
section and section corners are established 
alternately at intervals of 40 ch and regular 
township corners at intervals of 480 ch. Mean­
der corners are established at the intersection 
of the line with meanderable bodies of water. 
The base line is extended east and west from 
the initial point on a true parallel of latitude. 
Standard quarter-section and section corners 
are established alternately at intervals of 40 ch 
and standard township corners at intervals of 
480 ch. Meander corners are established where 
the line intersects meanderable bodies of 
water. 

Each parallel of latitude is perpendicular at 
every point to the true meridian passing 
through that point. Since the surface of the 
earth is curved, the true meridians through 
different points on a true parallel of latitude 
are not parallel, but converge· toward the 
North and South Poles. Because the meridians 
converge, the base line is curved slightly. Since 
the survey instrument line of sight is straight, 
survey techniques had to be developed to place 
the parallels of latitude on the ground, with 
sufficient accuracy to maintain the standards 
of alignment. Three methods explained in the 
current manual are named the solar method, 
tangent method, and secant method. 

The solar method utilizes an attachment on 
the survey instrument to observe the sun. If 
such an instrument, in good adjustment, is 
employed, the true meridian may be deter­
mined by observation with the solar unit at 
each transit point. A turn of 90° in either 
direction then defines the true parallel, and if 
sights are taken not longer than 20 to 40 ch 
distant, the line so established does not appre­
ciably differ from the theoretical parallel of 
the latitude. The resulting line is a succession 
of points, each one at right angles to the true 
meridian at the previous station. 

The tangent method for determination of 
the true latitude curve consists in establishing 
the true meridian at the point of beginning, 
from which a horizontal deflection angle of 
90° is turned to the east or west as needed; the 
projection of the line is the tangent and pro­
jected 6 mi in a straight line. As measurements 
are completed for each corner point, offsets 
are measured from the tangent to the parallel, 
on which line the corners are established. 

Mter a 6-mi length of the parallel has been 
run, another tangent is located at the last 
point thus set on the parallel, and similar 
offsets are measured from that tangent. Figure 
30-7 illustrates the establishment of a parallel 
at latitude 45°34'5" N. Azimuths of the tan­
gent to the parallel and the offsets to be 
measured from the tangent to the parallel 
must be calculated or determined from tables 
and vary with the latitude. 

The secant method of laying out a parallel 
of latitude resembles the tangent method, but 
the offsets are measured from a secant 6 mi 
long. The secant is a great circle intersecting a 
parallel of latitude at the first- and fifth-mile 
points and tangent to a parallel of latitude at 
the third-mile point. The secant is run as a 
straight line, and its bearing at any point is the 
angle that it makes with the true meridian at 
that point. The secant is projected 6 mi in a 
straight line, and as the measurements are 
completed for each corner point, proper off­
sets are measured north or south from the 
secant to the parallel, on which parallel the 
corners are established. 
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Table 30-1. Meridians and Base Lines of the U.S. Rectangular Surveys. 

Governing surveys (wholly or in Initial Points 

Meridian Adopted part) in States of Latitude Longitude 

Black Hills 1878 South Dakota 43 59 44 104 03 16 
Boise 1867 Idaho 43 22 21 116 23 35 
Chickasaw 1833 Mississippi 35 01 58 89 14 47 
Choctaw 1821 do 31 52 32 90 14 41 
Cimarron 1881 Oklahoma 36 30 05 103 00 07 
Copper River 1905 Alaska 61 49 04 145 18 37 
Fairbanks' 1910 do 64 51 50.048 147 38 25.949 
Fifth Principal 1815 Arkansas, Iowa, Minnesota, Missouri, 

North Dakota, and South Dakota 34 38 45 91 03 07 
First Principal 1819 Ohio and Indiana 40 59 22 84 48 11 
Fourth Principal 1815 Illinois 40 00 50 90 27 11 

do 1831 Minnesota and Wisconsin 42 30 27 90 25 37 
Gila and Salt River 1865 Arizona 33 22 38 112 18 19 
Humboldt 1853 California 40 25 02 124 07 10 
Huntsville 1807 Alabama and Mississippi 34 59 27 86 34 16 
Indian 1870 Oklahoma 34 29 32 97 14 49 
Kateel River t 1956 Alaska 65 26 16.374 158 45 31.014 
Louisiana 1807 Louisiana 31 00 31 92 24 55 
Michigan 1815 Michigan and Ohio 42 25 28 84 21 53 
Mount Diablo 1851 California and Nevada 37 52 54 121 54 47 
Navajo 1869 Arizona 35 44 56 108 31 59 
New Mexico Principal 1855 Colorado and New Mexico 34 15 35 106 53 12 
Principal 1867 Montana 45 47 13 111 39 33 
Salt Lake 1855 Utah 40 46 II III 53 27 
San Bernardino 1852 California 34 07 13 116 55 48 
Second Principal 1805 Illinois and Indiana 38 28 14 86 27 21 
Seward 1911 Alaska 60 07 37 149 21 26 
Sixth Principal 1855 Colorado, Kansas, Nebraska, South 

Dakota, and Wyoming 40 00 07 97 22 08 
St. Helena 1819 Louisiana 30 59 56 91 09 36 
St. Stephens 1805 Alabama and Mississippi 30 59 51.463 88 01 21.076 
Tallahasee 1824 Florida and Alabama 30 26 03 84 16 38 
Third Principal 1805 Illinois 38 28 27 89 08 54 
Uintah 1875 Utah 40 25 59 109 56 06 
Umiat:! 1956 Alaska 69 23 29.654 152 00 04.551 
Ute 1880 Colorado 39 06 23 108 31 59 
Washington 1803 Mississippi 30 59 56 91 09 36 
Willamette 1851 Oregon and Washington 45 31 II 122 44 34 
Wind River 1875 Wyoming 43 00 41 108 48 49 

'USC and GS station "Initial, 1941" is located S 66° 44' E, 2.85 ft distant from the initial point of the Fairbanks Meridian. The 
geodetic station (latitude 64° 51' 50.037" N, longitude 147° 38' 25.888" W) was inadvertently used as the origin from which to 
compute positions on the Fairbanks Meridian protractions diagrams. 

tThe Kateel River initial point is identical with USC and GS station "Jay, 1953." 
:j:The Umiat initial point is identical with usa and GS station "Umiat, 1953," positions are as published by the U.S. Coast 

and Geodetic Survey. 
Source: BLM, Manual of Instructions for Survey of the Public Lands of the United States, 1973. Washington, DC: U.S. Government 
Printing Office. 
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Figure 30-5. Principal meridial~s of federal system of rectangular sUlVeys. (Manual of Instructions for the Survey of the 
Public Lands of the United States-1973. 1975. Reprint. Rancho Cordova CA: Landmark Enterprises.) 

Table 30-2. Public-Land SUlVeys Having No Initial Point as an Origin for Both Township and Range Numbers. 

SUlVey (and Year 
Commenced) 

Ohio River SUlVey ..... . 
(Ohio) 

U.S. Military SUlVey ..... 
(Ohio) 

West of the Great ....... . 
Miami (Ohio) 

Ohio River Base ........ . 
(Indiana) 

Scioto River Base ....... . 
(Ohio) 

Muskingum River ....... . 
SUlVey (Ohio) 

Between the Miamis, .... 
north of Symmes 
Purchase (Ohio) 

Twelve-Mile-Square ..... 
ReselVe (Ohio) 

1785 

1797 

1798 

1799 

1799 

1800 

1802 

1805 

Townships Numbered 

North from Ohio River 

North from south boundary of 
military grant 
North from Great Miami River 

North from Ohio River 

North from Scioto River 

1 and 2 

East from Great Miami River 

1,2,3, and 4 

Ranges Numbered 

West from west boundary of 
Pennsylvania 
West from west boundary of the 
Seven Ranges 
East from Ohio-Indiana boundary 

From Ohio-Indiana boundary and its 
projection south 
West from west boundary of 
Pennsylvania 
Ten 

North from Ohio River (continuing 
numbers from Symmes Purchase) 

None 

SOUTce: BLM, Manual of Instructions for Survey of the Public Lands of the United States, 1973. Washington, DC: U.S. Government 
Printing Office. 
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As in the tangent method, the bearing an­
gles or azimuths of the secant, and the offsets 
must be determined by calculators or from a 
table. Figure 30-8 illustrates the establishment 
of a standard parallel in latitude 45°34.5' N by 
the secant method. Note that the bearings 
angles are converted from azimuths referred 
from true north for the first 3 mi and true 
south for the last 3 mi . 

The various lines in the rectangular system 
of surveys are extended from or tied in with 
the principal meridian and base line. These 
lines are classified as follows: (1) standard par­
allels and guide meridians, (2) township exte­
riors, (3) section lines, (4) subdivision-of-sec­
tion lines, and (5) meander lines. 

Standard parallels, also called correction 
lines, are extended east and west from the 
principal meridian at intervals, currently, of 
24 mi north and south of the base line, in the 
matter prescribed for the survey of the base 
line. Under some earlier instructions, the stan­
dard parallels have been placed at different 
intervals. In these instances, present practice 
requires additional standard parallels. These 

Figure 30-7. Tangent method to layoff a base line. (Manual of Instructions far the Survey of the 
Public Lands of the United States-l 973. 1975. Reprint. Rancho Cordova CA: Landmark 
Enterprises.) 
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Figure 30-8. Secant method to layoff a base line. {Manual of Instructions for the Survey of the Public 
Lands of the United States-1973. 1975. Reprint. Rancho Cordova CA: Landmark Enterprises.} 

are referred to as intermediate correction lines 
or auxiliary standard parallels. They may be 
given local names, but they are surveyed like 
regular standard parallels. 

Guide meridians are extended north from 
the base line, or standard parallels at intervals 
of 24 mi east and west from the principal 
meridian, in the same way as the principal 
meridian is run. The guide meridians are ter­
minated at their intersections with the stan­
dard parallels. Guide meridians are projected 
on the true meridian, and the fractional mea­
surement is placed in the last half-mile. At the 
intersection of the guide meridian with the 
standard parallel, a closing township corner is 
established. The parallel is retraced between 
the first standard corners east and west of the 
point for the closing corner in order to deter­
mine the exact alignment of the line closed 
upon. The distance is measured and recorded 
only to the nearest corner on the standard 
parallel. 

When guide meridians are run south from 
the base or correction lines, they are initiated 
at the theoretical point for the closing corner 
of the guide meridian, calculated on the basis 
of the survey of the line from south to north, 
initiated at the proper standard township cor­
ner. At the theoretical point of intersection, a 
closing township corner is established. In some 
instances, guide meridians have been placed 
at greater intervals, and in the event addi­
tional guide meridians are to be established, 
they are called auxiliary guide meridians or 

sometimes given local names. They are sur­
veyed like regular guide meridians. 

Under ideal conditions, the order of survey 
is to (1) set the initial point, (2) extend the 
principal meridian and base line, and (3) es­
tablish the standard parallels and guide merid­
ians to form quadrangles. The corners are 
established at 40-ch intervals, except for the 
corners marking lines that close upon stan­
dard parallels or base lines. Generally, excess 
or deficiency resulting from surveyor conver­
gency of meridians is added to or subtracted 
from the last half-mile of the line. 

The subdivision of quadrangles into town­
ships are surveyed, whenever practicable, suc­
cessively through a quadrangle in ranges of 
townships, beginning with the townships on 
the south. The meridional township bound­
aries have precedence in the order of survey 
and are run from south or north on true 
meridians. Quarter-section and section cor­
ners are established at intersections of the line 
with meanderable bodies of water. A tempo­
rary township corner is set at a distance of 
480 ch, pending the determination of its fi­
nal position. The temporary point is then re­
placed by a permanent corner in proper lati­
tudinal position. 

The corners that are set on a base line or 
standard parallel at the time the line is run are 
called standard corners. They refer only to the 
land just north of the base line or standard 
parallel. The corners that are afterward set on 
the base line or standard parallel, during the 



process of subdividing the land to the south of 
the parallel, are called closing corners. For 
example, a standard parallel may have both 
standard corners controlling surveys to the 
north and closing corners ending survey lines 
coming from the. south. 

A meridional exterior is terminated at the 
point of intersection with a standard parallel. 
The excess or deficiency in measurement is 
placed in the north half-mile. A closing corner 
is established at the point of intersection. The 
parallel is retraced between the nearest stan­
dard corners to east and west to find the exact 
alignment, and the distance to the nearest 
corner is measured and recorded. 

The latitudinal township boundary is run 
first as a random line, setting temporary cor­
ners, on a cardinal (true) course from the old 
toward the new meridional boundary, and is 
corrected back on a true line if conditions are 
ideal. When both meridional boundaries are 
new lines or both have been established previ­
ously, then a random latitudinal boundary is 
run from east to west. In either case, if defec­
tive conditions are not met with, the random 
is corrected back on a true line. Regular quar­
ter-section corners and section corners are 
established at intervals of 40 ch, alternately, 
counting from the east, and meander corners 
are set where the true line intersects meander­
able bodies of water. The fractional measure­
ment is placed in the last half-mile. 

The bearing of the true line is calculated 
from the falling of the random. The falling is 
the distance, on normal, by which a line falls 
to the right or left of an objective corner. The 
temporary points on any random line are re­
placed by permanent corners on the true line. 
The true line is blazed through timber, and 
distances to important items of topography are 
adjusted to correct true line measurement. 

Often, actual conditions dictate that the 
ideal procedure be modified. In this case, spe­
cial instructions are prepared for the surveyor 
and made a part of the public record of the 
survey. The variety of possibilities is almost 
limitless, and so study of the specific condition 
is the best approach. 
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Once the quadrangle has been subdivided 
into townships, the townships are identified as 
indicated in Figure 30-9. When townships are 
to be subdivided into sections, the corners on 
the township boundaries are located or other­
wise reestablished. In irregular situations, spe­
cial instructions are prepared. 

The subdivision lines that form the bound­
aries are called section lines. Those running 
north and south are meridional section lines, 
and those running east and west are called 
latitudinal section lines. When townships are 
subdivided into sections, the meridional sec­
tion lines have precedence. They are initiated 
at the section corners on the south boundary 
of the township and run north parallel to the 
governing east boundary. Meridional lines are 
numbered counting from the east and sur­
veyed successively in the same order. If the 
east boundary is within limits, but has been 
found by retracement to be imperfect in align­
ment, the meridional section lines are run 
parallel to the mean course. Regular quarter­
section and section corners are established 
alternately at intervals of 40 and 80 ch as far as 
the northernmost interior section corner. 

A meridional section line is not continued 
north beyond a section corner until after the 
connecting latitudinal sectional line has been 
surveyed. In the case of the fifth meridional 
section line, both latitudinal section lines con­
necting east and west are surveyed before con­
tinuing with the meridional line beyond a 
section corner. The successive meridional lines 
are surveyed as convenient, but none should 
be carried beyond uncompleted sections to 
the east. 

The last mile of a meridional line is contin­
ued as a random line, each successive random 
line being parallel to the true east boundary of 
the section to which it belongs. A temporary 
quarter-section corner is set at 40 ch, the dis­
tance measured to the point of intersection of 
the random line with the north boundary of 
the township, and the falling of the random 
line east or west of the objective section cor­
ner noted. The random is then corrected to a 
true line by blazing through timber and per-
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Figure 30-9. Quadrangle diagram showing system of numbering townships and relation­
ship of parallels and meridians. (From BLM, REsturation of Lost ur Obliterated Cermers and 
Subdivision of Sections, a Guide fur Suroeyurs, Rancho Cordova, CA: Carben Survey Reprint.) 

manently establishing the quarter-section cor­
ner on the true line at a distance 40 ch from 
the south, placing the fractional measurement 
in the north half-mile. 

When the north boundary of the township 
is a base line or standard parallel, the last 
miles of the meridional section lines are con­
tinued as true lines parallel to the east bound­
ary of the township. Permanent quarter-sec­
tion corners are established at 40 ch from the 
south, and closing corners at the points of 

intersection with the north boundary. The dis­
tance is measured to the nearest standard cor­
ner in each case. New quarter-section corners 
for the sections of the township being subdi­
vided are established at mean distances be­
tween closing corners or at 40 ch from one 
direction, depending on the plan of the subdi­
vision of the section. 

The latitudinal section lines are normally 
run on random lines from west to east, paral­
lel to the south boundaries of the respective 



sections. The distances are measured to the 
points of intersection of the random lines, 
with the north and south lines passing through 
the objective section corners; bearings of true 
lines are calculated on the basis of the faIlings. 
Each random line is corrected to a true line by 
blazing and marking between the section cor­
ners, including the permanent establishment 
of quarter-section corners at the midpoints on 
the true lines. 

In the west range of sections from the ran­
dom latitudinal section, lines are run from 
east to west, parallel to the south boundaries 
of the respective sections. On the true lines, 
the permanent quarter-section corners are es­
tablished at 40 ch from the east, placing the 
fractional measurements in the west half-miles. 

When surveying of the township is com­
plete' the sections are identified by numbers 
from 1 to 36. The present numbering system is 
shown in Figure 30-9. The order of survey of 
the section lines is also indicated in Figure 
30-10. 

Figure 30-10. Sequence of numbers on section lines 
shows normal order of subdivision of township into sec­
tions. (Manual of Instructions fur the Suroey of the Public 
Lands of the United States-1973. 1975. Reprint. Rancho 
Cordova, CA: Landmark Enterprises.) 
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As in the subdivision of quadrangles into 
townships, the inevitable excess or deficiency 
resulting from acceptable survey practices is 
placed in the northern and western half-mile 
of the section. Closing section corners are set 
at the intersection of the section line and 
either base lines or standard parallels. 

Sections of land in the public-land survey 
systems are not subdivided by survey in the 
field unless special instructions have been is­
sued. However, some subdivision of section 
lines is usually drawn on the township plat 
without being located on the ground by sur­
vey. These lines are said to be protracted on 
the official plat. 

30-1-9. Subdivision by 
Protraction 

When the subdivision of section lines are 
protracted on the plat, all regular sections are 
shown by broken straight lines connecting the 
opposite quarter-section corners. The sections 
bordering the north or west boundary of a 
normal township, except section 6, are further 
subdivided by protraction into parts contain­
ing two regular half-quarter-sections and four 
lots. Section 6 has lots protracted against both 
the north and west boundaries, and so con­
tains two regular half-quarter-sections, one 
quarter-section section, and seven lots. The 
position of the protracted lines and regular 
order of lot numbering as shown in Figure 
30-11. The lots are numbered in a regular 
series progressively from east to west or north 
to south in each section. The lots in section 6 
are numbered commencing with no. 1 in the 
northeast, then progressively to no. 4 in the 
northwest, and south to no. 7 in the southwest 
fractional quarter-quarter section. 

The regular quarter-quarter-sections are 
aliquot parts of quarter-sections, based on 
midpoint protraction. These lines are not in­
dicated on the official township plat (see Fig­
ure 30-9). 

Sections invaded meanderable bodies of 
water, or approved land claims that prevent 
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regular subdivisions, are subdivided by pro­
traction into regular and fractional parts as 
needed to form a suitable basis for the admin­
istration of the public lands and to describe 
the public lands separately from the segre­
gated areas. 

Examples of sections subdivided by proba­
tion that show the effect of segregating land 
claims and meanderable bodies of water are 
shown in Figures 30-11a, b, and c. 
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The meander line of a body of water and 
boundary line of private claims are platted 
using information obtained from the field sur­
vey. When a land grant or meanderable body 
of water falls within a section, the section is 
subdivided as nearly as possible in conformity 
with the regular plan. Note the example of the 
meanderable river in Figure 30-11 b. The 
dashed lines are arranged so that the maxi­
mum number of aliquot parts can be ob-
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Figure 30-11. Examples of subdivision by protraction. (a) Normal subdivision of sections. (b) Meanderable 
river. (c) Meanderable lake. (d) Mineral or land claims. (Manual of Instructions for the Survey of the Public 
Lands of the United States-I973. 1975. Reprint. Rancho Cordova, CA: Landmark Enterprises.) 
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Figure 30-11. (Continued). 

tained. The remainder are irregular parcels 
called lots or fractional lots. Lots generally do 
not lie within two sections, nor do they cross 
from one fraction quarter-section to another. 

A uniform system for numbering lots in 
fractional sections has been devised. Begin 
with the eastern lot of the north tier, call it no. 
1, and continue the numbering west through 
the tier, then east in the second, west in the 
third, east in the fourth tier, until all the 
fractional lots have been numbered. These 
directions are maintained even though some 
of the tiers contain no fractional lots. This 
method applies to any part of a section. If a 

section has been partly surveyed at different 
times, lot numbers should not be duplicated. 
If the souther part of a section is surveyed, and 
the lots are numbered 1 through 4, and later 
the northern part is surveyed, the first lot in 
the northern part should be numbered 5. 

30-1-10. Subdivision by Survey 
Occasionally, sections are subdivided by the 

BLM. These subdivisions are based on laws 
governing public-land surveys and often spe­
cial instructions have been issued. The laws 
can be found in the U.S. codes, and any spe­
cial instructions obtained from the bureau. 
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Private surveyors are often called on to sub­
divide sections to show the aliquot parts or 
fractional lots that were sold by the govern­
ment but were not surveyed by the original 
government surveyor at the time the section 
lines were run. The procedure is to first iden­
tify or reestablish the monuments along the 
section boundaries, which are usually the sec­
tion corners and quarter-corners. The steps to 
be taken to reestablish the boundaries of the 
section are as follows: 

1. Obtain field notes, township plats, and spe­
cial instructions from the BLM. If the possi­
bility of litigation exists, obtain certified 
copies. 

2. Visit the site and recover the monuments 
and other original survey evidence. 

3. Restore lost or obliterated corners that are 
necessary for the subdivision of the section. 

Restoration procedures are described in Sec­
tion 30-1-17. 

30-1-11. Subdivision of Sections 
into Quarter-Sections 

Run straight lines from the established 
quarter-section corners to the opposite quar­
ter-section corners. The point of intersection 
of the lines thus run will be the corner com­
mon to the several quarter-sections or center 
of the section. 

Upon the lines closing on the north and 
west boundaries of a regular township, the 
quarter-section corners were established origi­
nally at 40 ch to the north or west of the last 
interior section corners. The excess or defi­
ciency in measurement was thrown into the 
half-mile next to township or range line, as the 
case may be. If such quarter-section corners 
are lost, they should be reestablished by pro­
portionate measurement based on the original 
record. 

When there are double sets of section cor­
ners on township and range lines, the 
quarter-section corners for the sections south 
of the township line and east of the range line 

usually were not established in the original 
surveys. In subdividing such sections, new 
quarter-section corners are required, so placed 
as to suite the calculations of the areas that 
adjoin the township boundary as indicated on 
the official plat, adopting proportional mea­
surements, where the new measurements of 
the north or west boundaries of the section 
differ from the record distances. 

30-1-12. Subdivisions of 
Fractional Sections 

The law provides that when opposite corre­
sponding quarter-section corners have not 
been or cannot be fixed, the subdivision-of­
section lines shall be ascertained by running 
from the established corners north, south, east, 
or west, as the case may be, to the watercourse, 
reservation line, or other boundary of such 
fractional section, as represented on the offi­
cial plat. 

In this, the law presumes that the section 
lines are due north-and-south or east-and-west 
lines, but usually this is not the case. Hence, in 
order to carry out the spirit of the law, it will 
be necessary in running the centerlines 
through fractional sections to adopt mean 
courses, where the section lines are not on 
due cardinal, or to run parallel to the east, 
south, west, or north boundary of the section 
as conditions may require, where there is no 
opposite section line. 

30-1-13. Subdivision of 
Fractional 
Quarter-Sections 

The subdivisional lines of fractional quar­
ter-sections will be run from properly estab­
lished quarter-quarter- or sixteenth-section 
corners, with courses governed by the condi­
tions represented on the official plat, to the 
lake, watercourse, reservation, or other irregu­
lar boundary that renders such sections frac­
tional. 

Reasonable discrepancies between former 
and new measurements may generally be ex-



pected when retracing the section boundaries. 
The shortage or surplus is distributed by pro­
portion in establishing a sixteenth-section cor­
ner. For example, the length of the line from 
the quarter-section corner on the west bound­
ary of section 2 to the north line of the town­
ship was reported by the official survey 
as 43.40 ch, and by the county surveyor's 
measurement it was found to be 42.90 ch. 
The distance that the sixteenth-section 
corner should be located north of the quarter­
section corner would be determined by pro­
portion-i.e., as 43.40 ch (the official mea­
surement of the whole distance) is to 42.90 ch 
(the county surveyor's measurement of the 
same distance) so is 20 ch (the original mea­
surement) to 19.77 ch (the county surveyor's 
measurement}. By proportionate, measure­
ment in this case, the sixteenth-section corner 
should be set at 19.77 ch north of the quarter­
section corner, instead of 20 ch north of said 
corner, as represented on the official plat. In 
this manner, the discrepancies between origi­
nal and new measurements are equitably dis­
tributed. 

30-1-14. Meandering and 
Meander Corners 

The traverse of the margin of a permanent 
natural body of water is termed a meander 
line. All navigable bodies of water and other 
important rivers and lakes are segregated from 
the public lands at mean higher-water eleva­
tion. In original surveys, meander lines are 
run for the purpose of ascertaining the quality 
of land remaining after segregation of the 
water area. Meander lines are not boundary 
lines, unless specific action has been taken to 
make them so. 

The running of meander lines has always 
been authorized in the survey of public lands 
fronting on large streams and other bodies of 
water. But the mere fact that an irregular or 
sinuous line must be run, as in the case of a 
reservation boundary, does not entitle it to be 
called a meander line except where it closely 
follows the bank of a stream or lake. The 
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riparian rights connected with meander lines 
do not apply in the case of other irregular 
lines, as the latter are strict boundaries. 

A meander corner is established at every 
point where a standard, township, or section 
line intersects the bank of a navigable or other 
meanderable body of water. No monument 
should be placed in a position exposed to the 
beating of waves and action of ice in severe 
weather. In such cases, a witness corner should 
be established on the line at a secure point 
near the true point for the meander corner. 
The distance across a body of water is ascer­
tained by triangulation or direct measure­
ment, and the full particulars are given in the 
field tables. 

The surveyor commences at one of the me­
ander corners, follows the bank or shoreline, 
and determines the length and true bearing of 
each course, from the beginning to the next 
meander corner. All meander courses refer to 
the true meridian and are determined with 
precision. When it is impossible to survey the 
meander line along the mean high-water mark, 
the notes should state the distance therefrom 
and the obstacles that justify the deviation. 

The field notes of meanders show the cor­
ners from which the meanders commenced 
and upon which they are closed, and exhibit 
the meanders of each fractional section sepa­
rately. Following, and composing a part of the 
notes, should be a description of the adjoining 
land, soil, and timber, and the estimated depth 
of innundation to which the bottomland is 
subject. 

Rivers 

Facing downstream, the bank on the left­
hand side is termed the left bank and that on 
the right-hand side the right bank. 

Navigable rivers and bayous, as well as all 
rivers not navigable, the right-angle width of 
which is 3 ch and upward, are meandered on 
both banks at the ordinary mean high-water 
mark by taking the general courses and dis­
tances of their sinuosities. Rivers not classed as 
navigable are usually not meandered above 
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the point where the average right-angle width 
is less than 3 ch. 

Shallow streams and intermittent streams 
without well-defined channels or banks are not 
meandered, even when more than 3 ch wide. 
Tidewater streams are meandered at ordinary 
mean high tide as far as navigable, even when 
less than 3 ch wide. Tidewater inlets and bay­
ous are recorded and meandered if more than 
3 ch in width, but when nonnavigable are not 
meandered when less than 3 ch wide. 

Lakes 

All lakes of the area of 50 acres and upward 
are meandered. In the case of lakes that are 
located entirely within the boundaries of a 
section, a quarter-section line-if one crosses 
the lake-is run from one of the quarter-sec­
tion corners, on a theoretical course to con­
nect with the opposite quarter-section corner, 
to the margin of the lake, and the distance is 
measured, At the point thus determined, a 
"special meander corner" is established. 

When one or both of the opposite quarter­
section corners cannot be established, and in 
all cases where the distance across a lake ex­
ceeds 40 ch or the physical crossing is difficult, 
a temporary special meander corner is estab­
lished at the computed intersection with the 
centerline of the section, when surveying the 
meander line. The temporary point is later 
corrected to the true centerline position for 
monumentation, at midpoint in departure (or 
latitude), or at proportionate distance in a 
fractional section. 

If a meanderable lake is found to be lo­
cated entirely within a quarter-section, an 
"auxiliary meander corner" is established at 
some suitable point on its margin, and a con­
necting line run from the monument to a 
regular corner on the section boundary. A 
connecting traverse line is recorded, if run, 
but it is also reduced to the equivalent direct 
connecting course and distance, all of which is 
stated in the field notes. Only the course and 
length of the direct connecting line are shown 
on the plat of the survey. 

The meander line of a lake lying within a 
section is initiated at the established special or 
auxiliary meander corner and continued 
around the margin of the normal lake at its 
mean high-water level to a closing at the point 
of beginning. 

Artificial lakes and reservoirs are not usu­
ally segregated from the public lands, but the 
true position and extent of such bodies of 
water are determined in the field and shown 
in the plat. Other exceptions to the general 
rule are shallow or poorly defined "lakes" 
that are actually pools that collect because of 
permafrost and lack of drainage or that are 
ephemeral desert playas formed seasonally or 
in wet years. These lakes should be mean­
dered even when larger than 50 acres. 

Even though the United States has parted 
with its title to the adjoining mainland, an 
island in a meandered body of water, naviga­
ble or nonnavigable, in continuous existence 
since the data of the admission of the state 
into the Union, and omitted from the original 
survey may still be public land of the United 
States. As such, the island is subject to survey. 
The riparian right that attaches to the lottings 
along the meander line of the mainland per­
tains only to the bed of the stream and such 
islands as may form within the bed subsequent 
to the disposal of the title. 

Any township boundary or section line that 
will intersect an island is extended as nearly in 
accordance with the plan of regular surveys as 
conditions permit, and the usual township, 
section, quarter-section, and meander corners 
are established on the island. If an island falls 
in two sections only, the line between the 
sections should be established in its proper 
theoretical position, based on suitable sights 
and calculations. If an island falls entirely in 
one section and is large enough to be subdi­
vided (over 50 acres in area), a suitable sight 
or calculation is made to locate on the margin 
of the island an intersection with the theoreti­
cal position of any suitable subdivision-of-sec­
tion line. At the point thus determined, a 
special meander corner is established. In the 
case of an island falling entirely in one section 



and too small to be subdivided, an auxiliary 
meander corner is established at any suitable 
point on its margin that is connected with any 
regular corner on the mainland. The direct 
course and length of the connecting line are 
given in the field notes and shown on the plat. 

30-1-15. Marking Lines Between 
Corners 

The survey is marked on the ground in the 
following ways: 

1. The regular comers of the public-land 
surveys are marked by fixed official 
monuments. 

2. The relation to natural topographic features 
is recorded in detail in the field notes. 

3. The locus of the lines is marked on forest 
trees by blazing and hack marks. 

A blaze is a smoothed surface cut on a tree 
trunk at about breast height. The bark and a 
small amount of the live wood tissue are re­
moved with an ax or other cutting tool, leav­
ing a flat surface that forever brands the tree. 

A hack is a horizontal notch cut well into 
the wood, also made at about breast height 
(see Figure 30-12). Two hacks are cut to distin­
guish them from other, accidental marks. 

The blaze and hack mark are equally per­
manent, but so different in character that one 

Figure 30-12. Line tree with hack marks. (Manual of 
Instructions f(ff the Survey of the Public Lands of the United 
States-1973. 1975. Reprint. Rancho Cordova, CA: Land­
mark Enterprises.) 
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mark should never be mistaken for the other. 
The difference becomes important when the 
line is retraced in later years. 

Trees intersected by the line have two hacks 
or notches cut on each of the sides facing the 
line, without any other marks whatever. These 
are called sight trees or line trees. A sufficient 
number of other trees standing within 50 links 
of the line, on either side of it, are blazed on 
two sides quartering toward the line in order 
to render the line conspicuous and readily 
traced in either direction. The blazes are made 
opposite each other toward the line, the far­
ther the line passes from the blazed trees 
(Figure 30-13).13 

30-1-16. Identification of 
Existent Corners 

The terms "corner" and "monument" are 
not interchangeable. A corner is a point deter­
mined by the surveying process. A monument 
is the object or physical structure that marks 
the corner point. 

The corners of the public-land surveys are 
those points that determine the boundaries of 
the various subdivisions represented on the 
official plat-i.e., the township corner, section 
corner, quarter-section corner, subdivision 
corner, or meander corner. The "mile cor­
ner" of a state, reservation, or grant boundary 
does not mark a point of a subdivision; it is a 

Figure 30-13. Line tree with blaze. (Manual of Instructions 
far the Survey of the Public Lands of the United States-1973. 
1975. Reprint. Rancho Cordova, CA: Landmark Enter­
prises.) 



750 Public-Land Suroeys 

station along the line, however, and long us­
age has given acceptance to the term. An 
"angle point" of a boundary marks a change 
in the bearing, and in that sense it is a corner 
of the survey. 

Surveys of the public-land surveys have in­
cluded the deposit of some durable memorial 
-e.g., a marked wooden stake or post, a 
marked stone, an iron post having an in­
scribed cap, a marked tablet set in solid rock 
or a concrete block, a marked tree, a rock in 
place marked with a cross X at the exact cor­
ner point, and other special types of markers 
-some of which are more substantial; any of 
these is termed a monument. The several 
classes of accessories, such as bearing trees, 
bearing objects, reference monuments, 
mounds of stone, and pits dug in the sod or 
soil, are aids in identifYing the corner position. 
In their broader significance, the accessories 
are a part of the corner monument. 

An existent corner is one whose position 
can be identified by verifYing the evidence of 
the monument or its accessories, by reference 
to the description in the field notes, or located 
by an acceptable supplemental survey record, 
some physical evidence, or testimony. Even 
though its physical evidence may have entirely 
disappeared, a corner will not be recorded as 
lost if its position can be recovered through 
the testimony of one or more witnesses who 
have a dependable knowledge of the original 
location. 

The recovery of previously established cor­
ners is simplified by projecting retracements 
from known points. The final search for a 
monument should cover the zone surround­
ing one, two, three, or four points determined 
by connection with known corners. These cor­
ners will ultimately control the relocation in 
case the corner being searched for is declared 
lost. 

The search for the original monument 
should include a simultaneous search for its 
accessories. The evidence can be expected to 
range from that which is least conclusive to 
that which is unquestionable; the need for 
corroborative evidence is therefore in direct 

proportion to the uncertainty of any feature in 
doubt or dispute. The evidence should agree 
with the record in the field notes of the origi­
nal survey, subject to natural changes. Mounds 
of stone may have become embedded, puts 
may filled until only a faint outline remains, 
blazes on bearing trees may have decayed or 
become overgrown. 

Mter due allowance has been made for 
natural changes, there may still be material 
disagreement between the particular evidence 
in question and the record calls. The following 
considerations will provide useful in determin­
ing which features to eliminate as doubtful: 

1. The character and dimensions of the monu­
ment in evidence should not be widely dif­
ferent from the record. 

2. The markings in evidence should not be 
inconsistent with the record. 

3. The nature of the accessories in evidence, 
including size, position and markings, should 
not be greatly at variance with the record. 

Allowance for ordinary discrepancies should 
be made in considering the evidence of a 
monument and its accessories. No set rules 
can be laid down as to what is sufficient evi­
dence. Much must be left to the skill, fidelity, 
and good judgment of the surveyor, bearing in 
mind the relation of one monument to an­
other and the relation of all to the recorded 
natural objects and items of topography. No 
decision should be made in regard to the 
restoration of a corner until every means have 
been exercised that might aid in identifYing its 
true original position. 

An obliterated corner is one at whose point 
there are no remaining traces of the monu­
ment or its accessories, but whose location has 
been perpetuated, or the point may be recov­
ered beyond reasonable doubt by the acts and 
testimony of the interested landowners, com­
petent surveyors, other qualified local authori­
ties, witnesses, or by some acceptable record 
evidence. A position that depends on the use 
of collateral evidence can be accepted only as 
duly supported, generally through proper re-



lation to known corners, and agreement with 
the field notes regarding distances to natural 
objects, stream crossing, line trees, and off-line 
tree blazes, etc., or unquestionable testimony. 

A corner is not considered lost if its posi­
tion can be recovered satisfactorily by means 
of the testimony and acts of witnesses having 
positive knowledge of the precise location of 
the original monument. The expert testimony 
of surveyors, who may have identified the orig­
inal monument prior to its destruction and 
recorded new accessories or connections, is by 
far the most reliable, though landowners are 
often able to furnish valuable testimony. The 
greatest case is necessary in order to establish 
the bona fide character of the record interven­
ing after the destruction of an original monu­
ment. Full enquiry may bring to light various 
records relating to the original corners and 
memoranda of private markings, and the sur­
veyor should make use of all such sources of 
information. The matter of boundary disputes 
should be carefully looked into, insofar as 
adverse claimants may base their contentions 
on the evidence of the original survey. If such 
disputes have resulted in a boundary suit, the 
record testimony and court's decision should 
be carefully examined for information that 
may shed light on the position of an original 
monument. 

Testimony 

The testimony of individuals may relate to 
the original monument or accessories, prior to 
their destruction, or to any other marks fixing 
the locus of the original survey. Weight wiIl be 
given such testimony according to its com­
pleteness, its agreement with the original field 
notes, and the steps taken to preserve the 
original marks. Such evidence must be tested 
by relating it to known original corners and 
other calls of the original field notes, particu­
larly to line trees, blazed lines, and items of 
topography. 

There is no clearly defined rule for the 
acceptance or nonacceptance of the testimony 
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of individuals. It may be based on unaided 
memory over a long period or definite notes 
and private markers. The witness may have 
come by his or her knowledge casually, or he 
or she may have had a specific reason for 
remembering. Corroborative evidence be­
comes necessary in direct proportion to the 
uncertainty of the statements advanced. The 
surveyor should bear in mind that conflicting 
statements and contrary views of interested 
parties may lead to boundary disputes. 

The surveyor will show in the field notes, or 
report of a field examination, the weight given 
testimony in determining the true point for an 
original corner. The following points will serve 
as a guide: 

1. The witness (or record statement) should be 
duly qualified: The knowledge or informa­
tion should be first-hand, not hearsay; it 
should be complete, not merely personal 
opinion. 

2. The testimony (or record statement) should 
be such that it can stand an appropriate test 
of its bona fide character. 

3. The testimony (or record) must be suffi­
ciently accurate, within a reasonable limit, 
for what is require in normal surveying 
practices. 

Topographic Calls 

The proper use of topographic calls of the 
original field notes may assist in recovering 
the locus of the original survey. Such evidence 
may merely disprove other questionable fea­
tures, or it may be a valuable guide to the 
immediate vicinity of a line or corner. At best, 
it may fix the position of a line or corner 
beyond reasonable doubt. 

Allowance should be made for ordinary dis­
crepancies in the calls relating to items of 
topography. Such evidence should be consid­
ered more particularly in the aggregate; when 
it is found to be corroborative, an average may 
be secured to control the final adjustment. 
This will be governed largely by the evidences 
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nearest the particular corner in question, giv­
ing the greatest weight to those features that 
agree most closely with the record and to such 
items as afford definite connection. 

A careful analysis should be made by the 
surveyor before using topographic calls to fix 
an original corner plot. Indiscriminate use will 
lead to problems and disputes when two or 
more interpretations are possible. Close atten­
tion should be given to the manner in which 
the original survey was made. Instructions for 
chaining in the earlier manuals indicate that 
memory was an important factor in recording 
distances to items of topography. Early field 
notes often appear to have shown distances 
only to the nearest chain or even a wider 
approximation. 

In comparing distances returned in the 
original field notes with those returned in the 
resurveys, gross differences appear in a signif­
icant number of instances. In some cases, the 
original surveyor apparently surveyed a line in 
one direction, but then reversed the direction 
in his or her record without making corre­
sponding changes in distances to items of to­
pography. These facts have sometimes caused 
distrust and virtual avoidance of the use of 
topography in corner restoration, when proper 
application might be extremely helpful. Mis­
application usually may be avoided by apply­
ing the following tests: 

1. The determination should result in a defi­
nite locus within a small area. 

2. The evidence should not be susceptible to 
more than on reasonable interpretation. 

3. The comer locus should not be contradicted 
by evidence of a higher class or by other 
topographic notes. 

The determination of the original corner 
point from even fragmentary evidence of the 
original accessories, generally substantiated by 
the original topographic calls, is much stronger 
than determination from topographic calls 
alone. In questionable cases, it is better prac-

tice in the absence of other collateral evidence 
to turn to the suitable means of proportionate 
measurement. 

Witness Corners 

Ordinarily, a witness corner (WC) estab­
lished in the original survey will fix the true 
point for the corner at record bearing and 
distance. Where the witness corner was placed 
on a line of the survey, if no complications 
arise, it will be used as control from that 
direction in determining the proportionate 
position of the true point. Thus, the record 
bearing and distance would be modified, and 
the witness corner would become an angle 
point. Unfortunately, the factual statements of 
the original field notes are not always clear. 
The record may indicate that the witness cor­
ner was established on a random line, or there 
may be an apparent error of calculation for 
distance along the true line. The monument 
may not have been marked WC, either plainly 
or at all. In these instances, or where there is 
extensive obliteration, each corner must be 
treated individually. The important considera­
tion is to locate the true corner point in its 
original position. 

Line Trees 

A line tree or definite connection to readily 
identified natural objects or improvements may 
fix a point of the original survey. The mean 
position of a blazed line may help to fix a 
meridional line for departure or a latitudinal 
line for latitude. Such blazed lines must be 
carefully checked, because corrections may 
have been made before final acceptance of the 
old survey, or more than one line may have 
been blazed. 

Under the law, a definitely identified line 
tree is a monument of the original survey and 
is used properly as a control point in the 
reestablishment of lost corners by the appro­
priate method of proportionate measurement. 
In this case, it is treated just as is a recovered 



corner, and it becomes an angle point of the 
line. 

30-1-17. The Restoration of Lost 
Corners 

A lost corner is a point of a survey whose 
position cannot be determined beyond rea­
sonable doubt, from either traces of the origi­
nal marks or acceptable evidence or testimony 
that bears on the original position, and whose 
location can be restored only by reference to 
one or more interdependent corners. 

The rules for the restoration of lost corners 
should not be applied until all original and 
collateral evidence has been developed. When 
these means have been exhausted, the sur­
veyor will turn to proportionate measurement, 
which harmonizes surveying practice with le­
gal and equitable considerations. This plan of 
relocating a lost corner is always employed 
unless outweighed by conclusive evidence of 
the original survey. 

The preliminary retracements show the dis­
crepancies of courses and distances between 
the original record and findings of the re­
tracement. The retracement is based on the 
courses and distances of the original survey 
record, initiated and closed upon known origi­
nal corners. Temporary stakes for future use 
in the relocation of all lost corners are set 
when making retracements. 

Existing original corners may not be dis­
turbed. Consequently, discrepancies between 
the new measurements and those shown in the 
record have no effect beyond identified cor­
ners. The differences are distributed propor­
tionally, within the several intervals along the 
line between the corners. 

The retracements will show various degrees 
of accuracy in lengths of lines, where in every 
case it was intended to secure true horizontal 
distances. Until after 1990, most of the lines 
were measured with Gunter's link chain. Such 
a chain was difficult to keep at standard length, 
and inaccuracies often arose in measuring 
steep slopes by this method. 
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All discrepancies in measurement should 
be carefully verified, with the object of placing 
each difference where it properly belongs. 
Whenever it is possible to do so, the manifest 
errors in measurement are removed from the 
general average difference and placed where 
the blunder was made. The accumulated sur­
plus or deficiency that then remains is the 
quantity that is to be uniformly distributed by 
the methods of proportionate measurement. 

A proportionate measurement is one that 
gives equal relative weight to all parts of the 
line. The excess or deficiency between two 
existent corners is so distributed that the 
amount given to each interval bears the same 
proportion to the whole difference as the 
record length of the interval bears to the 
whole record distance. Mter the proportion­
ate difference is added to or subtracted from 
the record length of each interval, the sum of 
the several parts will equal the new measure­
ment of the whole distance. 

The type of proportionate measurement to 
be used in the restorative process will depend 
on the method that was followed in the origi­
nal survey. Standard parallels will be given 
precedence over other township exteriors, and 
ordinarily the latter will be given precedence 
over subdivisionallines; section corners will be 
relocated before the position of lost quarter­
section corners can be determined. 

Double Proportionate Measurement 

The term double proportionate measurement is 
applied to a new measurement made between 
four known corners, two each on intersecting 
meridional and latitudinal lines, for the pur­
pose of relating the intersection to both. 

In effect, by double proportionate measure­
ment the record directions are disregarded, 
except only when there is some acceptable 
supplemental survey record, some physical evi­
dence, or testimony that may be brought into 
the control. Corners to the north and south 
control any intermediate latitudinal position. 
Corners to the east and west control the posi-
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tion in longitude. One identified original cor­
ner is balanced by the control of a corre­
sponding original comer on the opposite side 
of a particular missing comer that is to be 
restored. Each identified comer is given a 
controlling weight inversely proportional to its 
distance from the lost comer. Lengths of pro­
portioned lines are comparable only when re­
duced to their cardinal equivalents. The 
method may be referred to as a "four-way" 
proportionate measurement and is generally 
applicable to the restoration of lost comers of 
four townships and lost interior comers of 
four sections. 

In order to restore a lost comer of four 
townships, a retracement will first be made 
between the nearest known comers on the 
meridional line, north and south of the miss­
ing comer and on that line a temporary stake 
will be placed at the proper proportionate 
distance; this will determine the latitude of the 
lost comer. Next, the nearest comers on the 
latitudinal line will be connected and a second 
point will be marked for the proportionate 
measurement east and west; this point will 
determine the position of the lost comer in 
departure (or longitude). Then, through the 
first temporary stake, run a line east or west, 
and through the second temporary stake a 
line north or south, as relative situations may 
determine; the intersection of these two lines 
will fix the position for the restored corner. 

Figure 30-14 illustrates the plan of double 
proportionate measurement. Points A, B, C, 
and D represent four original comers that will 
control the restoration of the lost comer X. 
On the large-scale diagram, point E repre­
sents the proportional measurement between 
A and B, and similarly, point F represents the 
proportional measurement between C and D. 
Point X satisfies the first control for latitude 
and second control for departure. 

A lost township comer cannot safely be 
restored, nor the boundaries ascertained, 
without first considering the field notes of the 
four intersecting lines. It is desirable also to 
examine the four township plats. In most cases, 
there is a fractional distance in the half-mile to 

the east of the township comer and frequently 
in the half-mile to the south. The lines to the 
north and west are usually regular, with quar­
ter-section and section comers at normal in­
tervals of 40.00 and 80.00 ch, but there may be 
closing-section comers on any or all of the 
boundaries, so it is important to verify all 
distances by reference to the field notes. 

Lost interior comers of four sections, when 
all the lines from there have been run, will 
also be reestablished by double proportionate 
measurement. The control for such restora­
tion will not extend beyond the township 
boundary. If the controlling comer on the 
boundary is lost, that comer must be reestab­
lished beforehand. When the line has not been 
established in one direction from the missing 
township or section comer, the record dis­
tance will be used to the nearest identified 
comer in the opposite direction. 

Thus, in Figure 30-14, if the latitudinal line 
in the direction of point D has not been 
established, the position of point F in depar­
ture would have been determined by refer­
ence to the record distance from point C; 
point X would then be fixed by cardinal off­
sets from points E and F, as already explained. 

When the intersecting lines have been es­
tablished in only two of the directions, the 
record distances to the nearest identified cor­
ners on these two lines will control the posi­
tion of the temporary points; then, from the 
latter, the cardinal offsets will be made to fix 
the comer point. 

Record Distance 

What is intended by record distance is the 
measure established in the original survey. Ex­
perience and good judgment are required in 
applying the rules. If the original survey was 
carelessly executed, no definite standard can 
be set up as representing that survey. On the 
other hand, the work may have been reason­
ably uniform within its own limits, yet inaccu­
rate with respect to exact base standards. It is 
the consistent excess or deficiency of the origi­
nal work that is intended here, if that can be 
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determined within practical limits. Otherwise, 
the only rule that can be applied is that a 
record of 80.00 ch in distance means just that 
by exact standards-true horizontal measure­
ment. 

Single Proporlionate Measurement 

The term single proportionate measurement is 
applied to a new measurement made on a line 
to determine one or more positions on that 
line. By single proportionate measurement, 

the position of two identified corners controls 
the direction of that line. The method is 
sometimes referred to as a "two-way" propor­
tion, a north-and-south proportion or an east­
and-west proportion. Examples are a quarter­
section corner on the line between two section 
corners, all corners on standard parallels, and 
all corners occupying intermediate positions 
on a township boundary line. 

In order to restore a lost corner on a line 
by a single proportionate measurement, a re-
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tracement is made connecting the nearest 
identified corners on the line. These corners 
control the position of the lost corner. Control 
corners are usually corners established in the 
original survey of the line. The lost corner is 
then reestablished at a proportionate distance 
on the true line connecting the recovered 
corners. Proper adjustment is made on an 
east-and-west line to secure the latitudinal 
curve. Any number of intermediate lost cor­
ners may be located on the same plan. 

Restoration of lost corners of standard par­
allel is controlled by the regular standard cor­
ners. These include the standard township, 
section, quarter-section, and sixteenth-section 
corners, and meander corners, and also clos­
ing corners that were originally established by 
measurement along the standard line, as points 
from which to start a survey. 

Lost standard corners will be restored to 
their original positions on a base line, stan­
dard parallel, or correction line by single pro­
portionate measurement on the true line con­
necting the nearest identified standard cor­
ners on opposite sides of the missing corner or 
corners, as the case may be. 

Corners on base lines are regarded the 
same way as those on standard parallels. In 
former practice, the term "correction line" 
was used for what has later been called the 
standard parallel. The corners first set in the 
running of a correction line are treated as 
original standard corners. Those that were set 
afterward at the intersection of a meridional 
line are regarded as closing corners. 

All lost section and quarter-section corners 
on the township boundary lines will be re­
stored by single proportionate measurement 
between the nearest identified corners on op­
posite sides of the missing corner, north and 
south on a meridional line, or east and west 
on a latitudirtalline. 

Two sets of corners have been established 
on many township lines and some section lines. 
Each set applies only to sections on its respec­
tive side of the line. Which corners control in 
the restoration of a lost corner will depend on 

how the line was surveyed. Three common 
cases are discussed, as follows: 

I 

1. When both sets of comers have been estab­
lished by measurement along the line in a 
single survey, each corner controls equally 
for both measurement and alignment (see 
Figure 30-15a). 

2. When a single set of corners was established 
in the survey of the line and closing corners 
were subsequently established at the inter­
section of section lines on one side, the 
corners first established control both the 
alignment and first proportional measure­
ment along the line. The original quarter­
section corners nearly always referred to sec­
tions on only one side of the line, after the 
closing corners were established on the other 
side. The quarter-section corners for sec­
tions on the side to which the closing cor­
ners refer were not e~tablished in older sur­
veys. The correct positions are as protracted 
on the plat of those sections (see Figure 
30-I5b). 

3. Sometimes, one set of corners was estab­
lished for one side of the line, and a second 
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Figure 30-15. Single proportionate measurement. (Man­
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set of corners for the other side in the 
course of a later retracement (see Figure 
30-15c). 

The line is regarded as having been fixed in 
position by the senior survey, unless the survey 
was officially superseded. If both sets of cor­
ners are recovered, a junior corner lying off 
the line is treated in the same manner as a 
closing corner insofar as the alignment is con­
cerned. Since it was established in the course 
of a retracement reporting the most recent 
measurement of the line, a junior corner 
properly can be used for control in restoring a 
lost corner of the line insofar as measurement 
is concerned. This procedure is not advisable 
when the corner is far off-line, because a bear­
ing in the connecting section line would 
change its true position relative to other cor­
ners of the line. That condition can only be 
shown by retracing enough of the connecting 
section line to determine its bearing. 

All lost quarter-section corners on the sec­
tion boundaries within the township will be 
restored by single proportionate measurement 
between the adjoining section corners, after 
the section corners have been identified or 
relocated. 

In those cases where connections from the 
lost quarter-section corner to other regular 
monuments of the line nearer than the section 
corners have been previously noted, these will 
ordinarily assume control in the restoration. 
Such monuments may include another quar­
ter-section corner, an angle point, or a line 
tree-any of which may have been established 
when the line was previously surveyed or 
resurveyed (see also Section 30-1-8). 

Half-Mile Posts, Alabama and Florida 

In early practice in parts of Alabama and 
Florida, so called "half-mile posts" were estab­
lished at distances of 40 ch from the starting­
section corner. The term was applied when 
the line might be more or less than an exact 
80 ch in record length, and when by later 
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methods the latitudinal lines have been run as 
"random and true." The practice contem­
plated that in some cases these subdivisional 
lines be run in cardinal directions to an inter­
section, where the next section corner would 
be placed, and either or both lines might be 
more or less than 80 ch in length. In some 
cases, the section corners were placed across 
the township at intervals of 80 ch on one of 
the cardinal lines, and the other lines were 
run on random only. On the first plan, the 
half-mile post would not be at midpoint unless 
the line turned out to be 80 ch in length. On 
the second plan, the half-mile post on the 
lines first run would be in true position for the 
quarter-section corner, but on the lines last 
run, they would usually not be on true line, 
nor at midpoint. 

The rules for restoration of half-mile posts 
may be stated specifically as follows: 

l. In case the half-mile post and quarter-sec­
tion corner are recorded as being at a com­
mon point, the identified half-mile post will 
be restored as the quarter-section corner. 

2. If there is evidence of the position of the 
section corners in both directions and the 
record leaves doubt as to the establishment 
of the half-mile post on the true line, the 
quarter-section comer will be monumented 
at midpoint on the true line, disregarding 
the record of the half-mile post. 

3. In the absence of evidence at one or both 
section corners and when the record leaves 
doubt regarding the running and marking 
of the true line, the half-mile post will be 
employed on a north-and-south line for the 
control of the latitude of the quarter-section 
corner, or on an east-and-west line for con­
trol of its position in departure, using the 
record correction for distance. The align­
ment of the section boundary and position 
of the quarter-section corner on the true 
line will be adjusted to the location of 
the two section corners, after the double 
proportionate measurements have been 
completed. 
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4. When the field notes show proper location 
for alignment and record correction for dis­
tance, the half-mile post will be employed 
for the full control of the position of the 
quarter-section corner and restoration of the 
lost section corners. The position of the 
quarter-section in latitude on a north-and­
south line, or in departure on an east-and­
west line, will be ascertained by making use 
of the record correction for the distance 
from the half-mile post. The alignment from 
the position of the half-mile post to the 
point for the quarter-section corner will be 
determined by the position of the section 
corner to the south, if the record correction 
for distance is to be made to the north; the 
section corner to the north will be used if 
the record correction for distance is to be 
measured to the south; and similarly on east­
and-west lines. 

Meander Corners 

Lost meander corners, originally estab­
lished on a line projected across the meander­
able body of water, usually will be relocated by 
single proportionate measurement. 

Occasionally, it can be demonstrated that 
the meander corners on opposite banks of a 
wide river were actually established as terminal 
meander corners, even though the record in­
dicates that the line was projected across the 
river. If the evidence outweighs the record, a 
lost meander corner in such a case will be 
relocated by single point control. 

A lost closing corner will be reestablished 
on the true line that was closed on, and at the 
proper proportional interval between the 
nearest regular corners to the right and left. 
In order to reestablish a lost closing corner on 
a standard parallel or other controlling 
boundary, the line that was closed on will be 
retraced, beginning at the corner from which 
the connecting measurement was originally 
made. A temporary stake will be set at the 
record connecting distance, and the total dis­
tance and falling noted as the next regular 
corner on the line on the opposite side of the 

missmg closing corner. The temporary stake 
will then be adjusted as in single proportion­
ate measurement. 

A recovered closing corner not actually lo­
cated on the line that was closed on will deter­
mine the direction of the closing line but not 
its legal terminus. The correct position is at 
the true point of intersection of the two lines. 

The new monument in those cases where it 
is required will always be placed at the true 
point of intersection. An off-line monument in 
such cases will be marked as an amended 
monument (AM) and connected by course and 
distance. The field notes of the closing line 
will include a full description of the old monu­
ment as recovered and clear statement that 
the new monument is set at the true point of 
in tersection. 

When an original closing corner is recov­
ered off the line closed on and the new monu­
ment established at the true point of intersec­
tion, the original position will control in the 
proportionate restoration of lost corners, de­
pendent on the closing corner. In a like 
manner, the positioning of sixteenth-section 
corners or lot corners on the closing line, 
between the quarter-section corner and the 
closing corner, will be based on the measure­
ment to the original closing corner. 

The foregoing are the general rules for the 
restoration of lost or obliterated corners. The 
special cases that are hereafter cited, with re­
spect to broken boundary lines and limited 
control, do not have wide application and 
similar importance, except under those condi­
tions and as explained in the succeeding text. 

The preceding instructions will be applica­
ble in the large m~ority of cases. If there 
seems to be some difficulty or inconsistent 
result, a careful check should be made of the 
record data. The special instructions for the 
original survey, the plat representation, or 
some call of the field notes may clarifY the 
problem on further study. This research as­
sumes a large importance in the more difficult 
problems of the recovery of an old line or 
boundary. 



Broken Boundaries: Angle Points of 
Nonriparian Meander Unes 

In some cases, it is necessary to restore-or 
possibly to locate for the first time-the angle 
points within a section of the record meander 
courses for a stream, lake, or tidewater, which 
may be required under the special rules that 
are applicable to nonriparian meander lines. 

In these cases, the positions of the meander 
comers on the section boundaries are deter­
mined first. The record meander courses and 
distances are then run and temporary angle 
points marked. The residual error is shown by 
the direction and length of the line from the 
end of the last course to the objective mean­
der comer. The residual is distributed on the 
same plan as in balancing a survey for the 
computation of the area of the lottings, as 
represented on the plat. 

The general rule is that the adjustment to 
be applied to the latitude or departure of any 
course is to the resolved latitude or departure 
of the closing error as the length of all the 
courses. Each adjustment is applied in a direc­
tion to reduce the closure. If the northings are 
to be increased, then the southings will be 
decreased. A line due east would then be 
given a correction to the north (in effect, to 
the left); a line due west, also to the north (in 
effect, to the right). Each incremental correc­
tion is determined and applied in proportion 
to the length of the line. 

The field adjustments for the positions of 
the several angle points are accomplished sim­
ply by moving each temporary point on the 
bearing of the closing error on amount that is 
its proportion of that line, counting from the 
beginning. The particular distance to be mea­
sured at any point is to the whole length of the 
closing error as the distance of that point from 
the starting comer is to the sum of the lengths 
of all the courses (Figure 30-16). 

The same principle is followed to plot lot­
tings of dependently resurveyed sections in 
their true relative positions, when the record 
meander line and true shoreline differ greatly 
because of distortion. 
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Grant Boundaries 

In many of the states, there are irregular 
grant and reservation boundaries that were 
established prior to the public-land subdivi­
sional surveys. In these cases, the township and 
section lines are regarded as the closing lines. 
The grant boundary field notes may call for 
natural objects, but these are often supple­
mented by metes-and-boundsdescriptions. The 
natural calls are ordinarily given precedence; 
next, the existent angle points of the metes­
and-bounds survey. The missing angle points 
are then restored by uniformly orienting the 
record courses to the left or right and adjust­
ing the lengths of the lines on a constant ratio. 
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F.gure 30-16. Adjusting angle points on riparian mean­
der line. (Manual of Instructions for the Survey of the Public 
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Cordova, CA: Landmark Enterprises.) 
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Both angular and linear corrections are made 
in the direction needed to reduce the falling 
of the trial lines laid down according to the 
record. 

The retracement of the grant boundary is 
begun at an identified corner. Calls for natu­
ral objects are satisfied and the existent angle 
points recovered. Then, between the identi­
fied or acceptable points, the position of miss­
ing angle points is determined by these follow­
ing steps: 

1. Reduce the record courses and distances to 
the total differences in latitude and depar­
ture. Compute the direction and length of 
a line connecting the identified points. 

2. Determine the actual differences in latitude 
and departure between the same identified 
points by retracement. Compute the direc­
tion and length of the connecting line, based 
on these figures. 

3. The angular difference of direction between 
the connection lines computed in 1 and 2 
gives the amount and direction of the ad­
justment to apply to the record bearing of 
each intermediate course. 

4. The ratio of the length of the line computed 
in 2 to that computed in 1 gives the coeffi-

cient to apply to the record length of each 
intermediate course. 

After the adjustments are completed, an 
additional search for evidence of the record 
markers should be made. The adjusted loca­
tions for the angle points are in the most 
probable original position, and a better check 
of collateral evidence is possible. If no further 
evidence is recovered, the adjusted points are 
then monumented. 

In Figure 30-17, A and B are identified 
points of the original boundary. It is desired to 
restore intermediate points T, S, R, j, I, H, 
and G, which have been temporarily marked 
at TI' SI' RI'.ft, II' HI' and GI in conformance 
with the original record starting from point A. 
The record position of point B in relation to 
point A is designated BI • The adjustment has 
been made in the four steps already described. 

The same procedure may be followed 
whenever it is desired to retain the form of the 
traverse being acljusted, since the interior an­
gles are unchanged, and the increase or de­
crease in lengths of lines is constant. The 
adjustment may be likened to a photographic 
enlargement or reduction. Mechanically, this 
process requires that the record distances of 
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Figure 30-17. Adjusting grant boundary. (Manual of Instructions for the Survey of the Public Lands of the United 
States-1973. 1975. Reprint. Rancho Cordova, CA: Landmark Enterprises.) 



the traverse legs between identified points be 
reduced or increased simultaneously with the 
rotation of the record bearings until the two 
identified points coincide. 

Original Control 

When a line has been terminated with mea­
surement in one direction only, a lost corner 
will be restored by record bearing and dis­
tance, counting from the nearest regular cor­
ner-the latter having been duly identified or 
restored. Examples will be found where lines 
have been discontinued at the intersection 
with large meanderable bodies of water or at 
the border of what was classed as impassable 
ground. 

An index correction for average error in 
the original measurement should be used, if 
appropriate. Additionally, in cases where a re­
tracement has been made of many miles of the 
original lines, between identified original cor­
ners, and there has been developed a definite 
angle from cardinal that characterizes the 
original survey, it is proper to make an al­
lowance for the average difference. 

30-1-18. Resurveys 

A resurvey is a reconstruction of land 
boundaries and subdivisions accomplished by 
rerunning and remarking the lines repre­
sented in the field-note record or on the plat 
of a previous official survey. The field-note 
record of the resurvey includes a description 
of the technical manner in which the resurvey 
was made, full reference to recovered evi­
dence of the previous surveyor surveys, and a 
complete description of the work performed 
and monuments established. The survey, like 
an original survey, is subject to approval of the 
directing authority. 

A dependent resurvey is a retracement and 
reestablishment of the lines of the original 
survey in their true original positions, accord­
ing to the best available evidence of the posi­
tions of the original corners. The section lines 
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and lines of legal subdivision of the dependent 
resurvey in themselves represent the best pos­
sible identification of the true legal bound­
aries of lands patented on the basis of the plat 
of the original survey. In legal contemplation 
and in fact, the lands contained in a certain 
section of the original survey and those in the 
corresponding section of the dependent resur­
vey are identical. 

An independent resurvey is an establish­
ment of new section lines and often new town­
ship lines, independent of and without refer­
ence to the corners of the original survey. In 
an independent resurvey, it is necessary to 
preserve the boundaries of those lands 
patented by legal subdivisions of the sections 
of the original survey that are not identical 
with the corresponding legal subdivisions of 
the sections of the independent resurvey. This 
is done by surveying out by metes and bounds 
and designating as tracts the lands entered or 
patented on the basis of the original survey. 
These tracts represent the position and form 
of the lands alienated on the basis of the 
original survey, located on the ground accord­
ing to the best available evidence of their true 
original positions. 

A retracement is a survey that is made to 
ascertain the direction and length of lines and 
identify the monuments and other marks of an 
established prior survey. Retracements may be 
made for any of several reasons. In the sim­
plest case, it is often necessary to retrace sev­
eral miles of line leading from a lost corner, 
which is to be reestablished to an existent 
corner that will be used as a control. If no 
intervening corners are reestablished, details 
of the retracement are not usually shown in 
the record, but a direct connection between 
the two corners is reported as a tie. On the 
other hand, the retracement may be an exten­
sive one made to afford new evidence of the 
character and condition of the previous sur­
vey. Recovered corners are rehabilitated, but a 
retracement does not include the restoration 
of lost corners or reblazing of lines through 
the timber. The retracement may sometimes 
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be complete in itself, but usually it is made as 
an early part of a resurvey. 

Bona Fide Rights of Claimants 

Bona fide rights are those acquired in good 
faith under the law. A resurvey can affect bona 
fide rights only in the matter of position or 
location on the earth's surface. The surveyor 
will be concerned only with the question of 
whether the lands covered by such rights have 
been actually located in good faith. Other 
questions of good faith, such as priority of 
occupation, possession, continuous residence, 
value of improvements, and cultivation, do not 
affect the problem of resurvey except as they 
help to define the position of the original 
survey. 

The basic principles of protecting bona fide 
rights are the same in either the dependent or 
independent resurvey. Each is intended to 
show the original position of entered or 
patented lands included in the original de­
scription. The dependent resurvey shows them 
as legal subdivisions; the independent resurvey 
as segregated tracts. Each is an official demon­
stration by the BLM, according to the best 
available evidence of the former survey. There 
is no legal authority for substituting the meth­
ods of an independent resurvey in disregard of 
identified evidence of the original survey. 

The position of a tract of land, described by 
legal subdivisions, is absolutely fixed by the 
original corners and other evidences of the 
original survey and not by occupation or im­
provements or by the lines of a resurvey that 
do not follow the original. A conveyance of 
land must describe the parcel to be conveyed, 
so that it may be specifically and exactly iden­
tified, and for that purpose the law directs that 
a survey be made. Under fundamental law, the 
corners of the original survey are unchange­
able. Even if the original survey was poorly 
executed, it still controls the boundaries of 
land patented under it. 

The surveyor should neither rigidly apply 
the rules for restoration of lost corners with-

out regard to effect on location of improve­
ments nor accept the position of improve­
ments without question, regardless of their 
relation or irrelation to existing evidence of 
the original survey. Between these extremes 
will be found the basis for determining 
whether improved lands have been located in 
good faith or not. No definite set of rules can 
be laid down in advance. The solution to the 
problem must be found on the ground by the 
surveyor. It is his or her responsibility to re­
solve the question of good faith as to location. 

It may be held generally that the entryper­
son has located his or her lands in good faith 
if such care was used in determining the 
boundaries as might be expected by the exer­
cise of ordinary intelligence under existing 
conditions. The relationship of the lands to 
the nearest corners, existing at the time the 
lands were located, is often defined by fenc­
ing, culture, or other improvements. Lack of 
good faith is not necessarily chargeable if the 
entryperson has not located himself or herself 
according to a rigid application of the rules 
laid down for the restoration of lost corners 
when (1) complicated conditions involve a 
double set of corners, both of which may be 
regarded as authentic; (2) there are not exist­
ing corners in one or more directions for an 
excessive distance; (3) existing marks are im­
properly related to an extraordinary degree; 
or (4) all evidence of the original survey that 
have been adopted by the entryperson as a 
basis for location have been lost before the 
resurvey is undertaken. 

In cases involving extensive obliteration at 
the date of entry, the entryperson of his or her 
successors in interest should understand that 
the boundaries of the claim will probably be 
subject to adjustment in the event of a resur­
vey. A general control applied to the bound­
aries of groups of claims must be favored as far 
as possible in the interest of equal fairness to 
all and the simplicity of resurvey. A claim 
cannot generally be regarded as having been 
located in good faith if no attempts have been 



made to relate it in some manner to the 
original survey. 

The Dependent Resurvey 

The dependent resurvey is designed to re­
store the original conditions of the official 
survey according to the record. It is based on, 
first, identified original corners and other ac­
ceptable points of control, and, second, the 
restoration of lost corners by proportionate 
measurement in harmony with the record of 
the original survey. Some flexibility is allow­
able in applying the rules of proportionate 
measurement in order to protect the bona 
fide rights of claimants. 

The dependent resurvey is begun by mak­
ing a retracement of the township exteriors 
and subdivisionallines of the established prior 
survey within the assigned work. Concurrently, 
a study is made of the records of any known 
supplemental surveys, and testimony obtained 
from witnesses concerning obliterated corners. 
The retracement leads at once to identifica­
tion of known and plainer evidence of the 
original survey. A trial calculation is made of 
the proportionate positions of the missing cor­
ners, followed by a second and more exhaus­
tive search for the more obscure evidence of 
the original survey. If additional evidence is 
found, a new trial calculation is made. Corners 
still not recovered are marked only as tempo­
rary points that may be influenced by accept­
able locations. These steps give the basic con­
trol for the resurvey. The surveyor then weighs 
the less certain collateral evidence against the 
proportionate positions so obtained. 

A comparison of the temporary points with 
the corners and boundaries of alienated lands 
often helps in determining how the original 
survey was made, how the claims were located, 
or both. In analyzing the problem of a particu­
lar corner's location, it is often helpful to 
determine where the theoretical corner point 
would fall if a three-point control was used. In 
extreme cases, the collateral evidence may be 
weighed against the position obtained by the 
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use of two-point control, particularly when 
supported by well-identified natural features. 
It may then provide that the original corner, 
which would otherwise be lost, has been per­
petuated by an acceptably located claim. 

Ordinarily, the one-point control is incon­
sistent with the general plan of a dependent 
resurvey. The courts have sometimes turned to 
this as the only apparent solution of a bad 
situation, and unfortunately this has been the 
method applied in many local surveys, thus 
minimizing the work to be done and the cost. 
Almost without exception, the method is given 
the support that "it follows the record." This 
overlooks the fact that the record is equally 
applicable when reversing the direction of the 
control from other good corners, monuments, 
or marks. The use of one-point control is only 
applicable when the prior survey was discon­
tinued at a recorded distance or it can be 
shown conclusively that the line was never 
established. If the line was discontinued by the 
record, the field notes may be followed explic­
itly. If it was discontinued by evidenced un­
faithfulness in execution, its use would be lim­
ited to the making of a tract segregation where 
the claimant has given confidence to the so­
called field notes. 

Once it is accepted, a local point of control 
has all the authority and significance of an 
identified original corner. The influence of 
such points is combined with that of the previ­
ously identified original corners, in making 
final adjustments of the temporary points. The 
surveyor must therefore use extreme caution 
in adopting local points of control. These may 
range from authentic perpetuations of origi­
nal corners down to marks that were never 
intended to be more than approximations. 
When a local reestablishment of a lost corner 
has been made by proper methods without 
gross error and officially recorded, it will ordi­
narily be acceptable. Monuments of unknown 
origin must be judged on their own merits, 
but they should never be rejected out of hand 
without careful study. The age and degree to 
which a local corner has been relied on by all 
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affected landowners may lead to its adoption 
as the best remaining evidence of the position 
of the original corner. The surveyor must con­
sider all these factors. However, he or she 
cannot abandon the record of the origi­
nal survey in favor of an indiscriminate adop­
tion of points not reconcilable with original 
evidence. 

The field-note record of the resurvey should 
clearly set forth the reasons for the acceptance 
of a local point when it is not identified by 
actual marks of the original survey. Recog­
nized and acceptable local marks will be pre­
served and described. When they are monu­
ments of a durable nature, they are fully 
described in the field notes and a full comple­
ment of the required accessories recorded, but 
without disturbing or remarking the existing 
monument. New monuments are established if 
required for permanence, in addition to-but 
without destroying-the evidence of the local 
marks. 

While still in the field, the surveyor should 
make certain that he or she has noted com­
plete descriptions of all identified or accepted 
corners for entry in the official record of the 
resurvey, so that the record will embrace the 
following: 

1. A complete description of the remaining 
evidence of the original monument 

2. A complete description of the original acces­
sories as identified 

3. A concise statement relating to the recovery 
of a comer based on identified line trees, 
blazed lines, items of topography, or other 
calls of the field notes of the original survey, 
in the absence of evidence of the monument 
or its accessories 

4. A statement relating to the relocation of an 
obliterated monument or a statement of the 
determining features leading to the accep­
tance of a recognized local comer 

5. A complete description of the new monu­
ment 

6. A complete description of the new acces­
sories 

1he/ndependenfResurvey 

An independent resurvey is designed to su­
persede the prior official survey only insofar as 
the remaining public lands are concerned. 
The subdivisions previously entered or 
patented are in no way affected as to location. 
All such claims must be identified on the 
ground and then protected in one of two ways. 
Whenever possible, the sections in which 
claims are located are reconstructed from evi­
dence of the record survey, just as in a depen­
dent resurvey. When irrelated control prevents 
the reconstruction of the sections that would 
adequately protect them, the aliented lands 
are segregated as tracts. A particular tract is 
identical with the lands of a specific descrip­
tion, based on the plat of the prior official 
survey. The tract segregation merely shows 
where the lands of this description are located 
with respect to the new section lines of the 
independent resurvey. In order to avoid con­
fusion with section numbers, the tracts are 
designated beginning with no. 37. The plan of 
the independent resurvey must be such that 
no lines, monuments, or plat representations 
duplicate the description of any previous sec­
tion where disposals have been made. 

The statutory authority to review the effect 
of an independent resurvey on the boundaries 
of privately owned lands rests in the courts. A 
decision of the court is binding in fixing a 
boundary between private lands. It would be 
contested in fixing a boundary between public 
and patented lands only if monuments of the 
official survey have not been considered, the 
court having no authority to set aside the 
official survey. 

The independent resurvey is accomplished 
in three distinct steps, as follows: 

l. The reestablishment of the outboundaries of 
the area to be resurveyed, following the 
methods of a dependent resurvey 

2. The segregation of lands embraced in any 
valid claim, based on the former approved 
plat 



3. The survey of new exterior, subdivisional, 
and meander lines by a new regular plan 

30- 1-19. Special Instructions 

The detailed specifications for each survey 
are set out by the officer in administrative 
charge of the work in a written statement 
entitled "Special Instructions." The special in­
structions are an essential part of the perma­
nent record of the survey, both as historical 
information, and because they show that the 
survey was properly authorized. The immedi­
ate purpose is to outline the extent of the field 
work and the method and order of procedure. 
Coupled with the 1973 manual, the special 
instructions contain the technical direction 
and information necessary for executing the 
survey. Emphasis is given to any procedure 
unusual in application, but no lengthy discus­
sion is required of procedures that are ade­
quately covered in the 1973 manual. The 
special instructions are written in the third 
person. 

30-1-20. Special Surveys 

Special surveys are surveys that involve un­
usual applications of or departures from the 
rectangular system (see Figure 30-18). They 
often carry out the provisions of a special 
legislative act. A particular category of special 
surveys has to do with various types of water 
boundaries. In some cases, the special instruc­
tions merely expand the regular methods. In 
complicated special surveys, the methods are 
carefully detailed. Examples are: 

1. Tracts and lots 

2. Subdivision of sections, special cases 

3. Metes-and-bounds surveys 

4. Town-site surveys 

5. Small tract surveys 

6. Mineral segregation surveys 

7. Mine surveys 

8. Water boundaries 
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Figure 30-18. Example of a departure from the rectangu­
lar system. {Manual of Instructions fur the Suroey of the Public 
Lands of the United States-1973. 1975. Reprint. Rancho 
Cordova, CA: Landmark Enterprises.} 

30-1-21. Field Notes 

The field notes are the written record of 
the survey. This record identifies and de­
scribes the lines and corners of the survey and 
procedures by which they were established or 
reestablished. The new subdivisions to be plat­
ted (or replatted in the case of some resurveys) 
and quantity of land in each unit are derived 
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from the field notes. The laws governing sur­
veys of the public lands have required the 
return of field notes from the beginning. 

The initial notes are kept in pocket field 
tablets. The final field notes for filing are 
transcribed from the field tablets and typewrit­
ten on regulation field-note paper. It is desir­
able that the final field notes conform to the 
general arrangement and phraseology set out 
in the 1973 manual. A large part of the final 
field notes must be extended from an abbrevi­
ated field record. At the same time, much of 
the minute detail of the initial notes may be 
summarized into a form of record that refers 
directly to the completed survey. This distinc­
tion in the two stages of the record is carried 
through the text. The subject in hand is the 
transcribed field notes, the record that is ex­
tended from the field tablets; this record is 
termed the fold notes (see Figure 30-19). 

All appropriate notes of the method and 
order of the survey procedures are entered in 
the field tablets. The tablets should show the 
dates on which each part of the field work was 
done. The field tablet record should supply 
the information needed for a complete prepa­
ration of the final record. Because of the great 
variety of survey types, the surveyor must plan 
carefully how the notes in the field tablet are 
to be arranged. The chief of field party is 
responsible for the accuracy and sufficiency of 
this record. 

The work of transcribing the record usually 
receives the personal attention of the surveyor, 
but it is important that the arrangement of 
notes in the tablets and use of abbreviations 
are such as to be readily understood by others 
who are familiar with the technical processes. 
Due regard should be given to the 1973 man­
ual requirements and form, though it in­
tended that set forms of expression be used 
flexibly and modified when necessary to con­
form to the survey procedure. The work of the 
reviewing officers is directed to the fundamen­
tal requirements of the 1973 manual and writ­
ten special instructions. Comments as to the 
furm of the transcribed field notes are based 
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Figure 30-19. Specimen field notes. (Manual of Instruc­
tions for the Suroey of the Public Lands of the United 
States-1973. 1975. Reprint. Rancho Cordova, CA: land­
mark Enterprises.) 

on broad grounds, but it is necessary that the 
notes follow a standard form. 

Random lines with fallings are shown in the 
field tablets but are omitted from the tran­
scribed field-note record, except when some 
special purpose is served by showing the detail 
of a triangulation, offset, or traverse. 

The township is considered the unit in 
compiling field notes. Normally, the field notes 



of all classes of lines pertaining to a township, 
when concurrently surveyed and not previ­
ously compiled, are included in a single book. 
In the survey of a block of exterior lines only, 
all the field notes may be placed in one book. 

The field notes and plat are considered the 
primary record of any survey, and on their 
approval and acceptance the responsibility for 
the survey vests in the accepting authority. 
Mter the final record has been prepared, ac­
cepted, and officially filed, the field tablets 
and related field data are disposed of. 

Field-Note Abbreviations 

The following abbreviations, especially 
suited to field notes of surveys, are permitted 
in the final transcript record and used when 
repetitions in the form of the record and the 
expressions used are such as to make the ab­
breviations readily understood. Some of these 
abbreviations, as appropriate, are employed on 
the township plat. All abbreviations will be 
given capital or lowercase letters-the same as 
would be proper if the spelling were to be 
completed. 

Abbreviation Term 

A acres 
aIt. altitude 
a.m. forenoon 
Am. amended 
app.noon apparent noon 
app. t apparent time 
asc. ascend 
BM bench mark 
bet. between 
bdy., bdrs. boundary, boundaries 
ch,chs chain, chains 
cor., corso corner, corners 

COIT. correction 
declo declination 
dep. departure 
dese. descend 
diam. diameter 
dir. direct 
dist. distance, or distant 
E east" 
e.e. eastern elongation 
elev. elevation 
ft foot, feet 
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Abbreviation Term 

frae. fractional 
Gr. Greenwich 
GM guide meridian 
hor. horizontal 
horhr hour, hours 
h.a. hour angle 
in., ins. inch, inches 
lat. latitude 
lk.,lks. link, links 
I.m. noon local mean noon 
I.m.t. local mean time 
log. logarithmic function 
long. longitude 
I.e. lower culmination 
mormin minute, minutes (time) 
meas. measurement 
mer. meridian 
Mi. Cor. mile corner 
mkd. marked 
MS mineral survey 
N north" 
NE northeast 
NW northwest 
No. number 
obs. observe 
obsn. observation 
orig. original 
p.m. afternoon 
pt. point 
Prin. Mer. principal meridian 
R., Rs. range, ranges 
red. reduction 
rev. reverse 

second, seconds (time) 
see., sees. section, sections 
S south" 
SE southeast 
SW southwest 
sq. square 
Stan. Par. standard parallel 
sta. station 
temp. temporary 
t. time 
T., Tp., Tps. township, townships 
U.e. upper culmination 
USLM U.S. Location Monument 

USMM U.S. Mineral Monumentt 
vert. vertical 
W. west" 
w.e. western elongation 
x separating dimension values 

tDiscontinued in favor of the preferred term "U.S. Location 
(USLM)." 

·Optional use of period. 
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30-1-22. Plats 

The plat is the drawing that represents the 
lines surveyed, established retraced, or resur­
veyed, showing the direction and length of 
each line; the relation to the adjoining official 
surveys; the boundaries, description, and area 
of each parcel of the land; and as far as 
practicable, the topography, culture, and im­
provements within the limits of the survey. 
Occasionally, the plat may constitute the en­
tire record of the survey (see Figure 30-20 for 
a sample of a township plat). 

Ordinarily, an original survey of public lands 
does not ascertain boundaries: It creates them. 
The running of lines in the field and platting 
of townships, sections, and legal subdivisions 
are not alone sufficient to constitute a survey. 
Although a survey may have been physically 
made, if it is disapproved by the authorized 
administrative officers, the public lands that 
were the subject of the survey are still classed 
as unsurveyed. 

The returns of a survey are prepared in the 
state survey office or service center and trans­
mitted to the director, BLM, by the state or 
service center director for consideration as to 
acceptability. The survey only becomes official 
when it is accepted on behalf of the director 
by the officer to whom he or she has delegated 
this responsibility. Any necessary suspension or 
cancellation of a plat or survey must be made 
by the same approving authority. 

The legal significance of plat and field notes 
is set out in Alaska United Gold Mining Co. v. 
Cincinnatti-Alaska Mining Co., 45 L.D. 330 
(1916). 

It has been repeatedly held by both State and 
Federal courts that plats and field notes referred 
to in patents may be resorted to for the purpose 
of determining the limits of the area that passed 
under such patents. In the case of Cragin v. 
Powell (128 U.S. 691, 696), the Supreme Court 
said: "It is a well settled principle that when 
lands are granted according to an official plat of 
the survey of such lands, the plat itself, with all 

its notes, lines, descriptions and landmarks, be­
comes as much a part of the grant or deed by 
which they are conveyed, and controls so far as 
limits are concerned, as if such descriptive fea­
tures were written out upon the face of the deed 
or the grant itself. ,,6 

These legal principles apply to subsequent 
deeds of transfer related to the official plat. 

The public lands are not considered sur­
veyed or identified until approval of the survey 
and filing of the plat in the administering land 
office by direction of the BLM. The subdivi­
sions are based on and defined by the monu­
ments and other evidences of the controlling 
official survey. As long as these evidences are 
in existence, the record of the survey is an 
official exhibit and, presumably, correctly rep­
resents the actual field conditions. If there are 
discrepancies, the record must give way to the 
evidence of the corners in place. 

In the absence of evidence, the field notes 
and plat are the best means of identification of 
the survey, and they will retain this purpose. In 
the event of a resurvey, they provide the basis 
for the dependent method and the control for 
the fixation of the boundaries of alienated 
lands by the independent method. 

30-1-23. Current Information 
About the Public Lands 

Current information about public-lands 
surveys may be found in the previous cited 
1973 Manual of Instructions for the Survey of the 
Public Lands of the United States. This manual is 
available from the U.S. Government Printing 
Office. Earlier versions of the manual are 
helpful to learn the survey practices in force at 
the time of a particular survey activity. Manu­
als were issued in 1855, reprinted as the 1871 
manual, and again in 1881, 1890, 1894, 1902, 
1930, and 1947. Prior to 1855, special instruc­
tions were issued for various territories or 
states. All the manuals were prepared to guide 
the surveyors who were actually conducting 
the public-lands surveys. The manuals de-
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Figure 30-20. Sample of a portion of a township plat. (Manual oj Instructions Jor the Survey oj the Public Lands oj the 
United States-l 973. 1975. Reprint. Rancho Cordova, CA: Landmark Enterprises') 

scribed the methods to be used in conducting 
cadastral surveys, so that they would conform 
with federal statutes and the judicial interpre­
tation that has occurred from time to time. 
The various manuals are the best place to 
begin any investigation of public-lands surveys. 

Various supplements to the manual have 
been issued to cover specific topics. The one 
most often used by persons outside govern­
ment service is the previously cited Restoration 
of Lost or Obliterated Corners and Subdivision of 
Sections, a Guide for Surveyors. The present edi-
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tion is a 40-page pamphlet and provides an 
introduction to the public-lands survey and 
resurvey system and lists some of the basic laws 
on which the system is based. The pamphlet 
answers many common questions arising in 
the practical work of surveyors, land title spe­
cialists, attorneys, and others who have an 
interest in public-land systems. The pamphlet 
originally went into effect on June 30, 1883, 
and revisions appeared as shown in the follow­
ing list: 

1. First revision in effect: October 16, 1896 

2. Second revision in effect: June 1, 1909 

3. Third revision in effect: April 5, 1939 

4. Fourth revision in effect: May 8, 1952 

5. Fifth revision in effect: June 3, 1963 

6. Sixth revision in effect: 1974 

The standard field tables were issued as 
supplements for use by cadastral surveyors. 
The tables were heavily used to avoid lengthy 
calculations in the field, but with the arrival of 
hand-held programmable calculators and easy 
access to larger office calculators, the demand 
for the tables diminished, and they were al­
lowed to go out of print a few years ago. 

The previously cited The Ephemeris of the 
Sun, Polaris and Other Selected Stars with Compar­
ison Data and Tables has been published since 
1910. It was used by surveyors in the field who 
wanted to determine latitude and longitude. 

All current public-lands surveys are under 
the jurisdiction of the BLM in the U.S. De­
partment of Interior. The BLM was estab­
lished on July 16, 1946. At that time, the 
functions of the GLO and U.S. supervisor of 
surveys were transferred to it. With that bu­
reau, the public-lands survey continues in the 
Division of Cadastral Survey. This division op­
erates through state and service center direc­
tors. 

Information about specific surveys are read­
ily available in the state offices of the BLM. 
Addresses for various offices are located in 
Appendix Z. 

30-2. RETRACEMENT SURVEYS* 

30-2-1. Introduction 

The case studies presented in this section 
are not intended to insult or degrade any 
professional surveyor connected with the sur­
vey /resurvey work. If there is room for im­
provement by the reader (and there always is, 
no matter how extensive a surveyor's experi­
ence or knowledge), then a new idea or ap­
proach may have been presented. Comments 
to the contrary are welcomed by this author. 

Practical experience coupled with almost 
limitless research form a strong foundation 
and defense for the professional land surveyor 
engaged in the illusive task ofretracement/re­
survey work. Land surveying will never be void 
of erroneous approaches (either past or pre­
sent) and varied conclusions, but the fre­
quency of such errors can be greatly reduced 
with conscientious research in both field and 
office settings. It is significant whether sur­
vey work is in the "metes-and-bounds states" 
or the "rectangular states"; of significance 
is a surveyor's dedication, determination, and 
imagination. 

In order to adequately follow in the foot­
steps of previous surveyors, it is necessary to 
become familiar with the techniques, bias, lan­
guage, instructions, obstructions, and related 
data pertinent to the survey project. Informa­
tion resources seem endless at times, but 
shortcuts will invariably result in shortcomings, 
with the final results often discovered at a later 
and more costly time. The surveyor who states 
that he or she cannot "afford to do a com­
plete job" (for the price being paid) cannot 
afford to do the job at all. Money "saved" 
doing an inadequate job will be spent many 
times over by irate clients, subsequent land­
owners, attorneys, and future surveyors. Land 
surveyors are professionally obligated to pro­
vide the most accurate and legal retrace­
ment/resurvey /survey product possible. 

Case studies discussed in this chapter are 
derived from real situations. True names and 



locations have been deleted for reasons of 
privacy and simplicity of explanation. Exam­
ples include metes-and-bounds and rectangu­
lar sUIVeys to emphasize the commonality of 
research and effort in both. The necessity to 
search "beyond" that point normally accepted 
by an "average" sUIVeyor is demonstrated. 

Case studies no. 1,3,4,7, and 8 involve the 
rectangular system; studies no. 2 and no. 6 are 
metes and bounds. Case study no. 5 includes 
both sUIVey systems. 

Each geographic area has peculiar sUIVey­
ing challenges. A trip across the United States 
is not needed to discover these differences. 
They are usually present right next door. 
A tactful and professional sU1veyor will step 
carefully into new territory and thoroughly 
research the project prior to making sUIVey 
decisions. 

Evidence-written, physical and testimonial-is 
the common link between all sUIVeys. It is the 
single largest responsibility and challenge for 
all professional sUIVeyors. It is not necessary to 
be overly fearful in changing sUIVey locations; 
rather, caution must always be exercised so 
that evidence is seldom overlooked. 

Case studies that follow are located in the 
western states. However, the principles ex­
pressed are applicable to sUIVeys and resuIVeys 
in most areas of the United States. 

30-2-2. Types of Land Surveys 

Considerable discussion can arise over def­
initions of land sUIVeys and public land sur­
veys. A distinction becomes meaningless when 
the task at hand is to locate and describe a 
client's property, usually based on previous 
deeds. While squabbling over such minor def­
initions, a sUIVeyor may overlook the impor­
tance of carefully analyzing patents and deeds, 
plats/notes, occupancy, testimony, aerial pho­
tographs, and myriads of other resource infor­
mation. These essential research elements will 
provide a more accurate location and descrip­
tion of a client's property. The courts deter­
mine property ownership, but sUIVeyors can 
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influence court decisions by analysis, location, 
delineation, and documentation of evidences 
and deeds. 

There are two basic types of land sUIVeys 
most recognized by today's professional land 
sUIVeyor: (1) metes-and-bounds and (2) rectan­
gular. Most eastern states plus Texas and 
Hawaii are commonly referred to as "metes­
and-bounds states," but similar sUIVeys can be 
found throughout the remaining "rectangu­
lar" states. Some common metes-and-bounds 
public-land sUIVeys may be as follows: 

1. Homestead entry sUlVeys (HES) 

2. Donation land claims (DLC) 

3. Exchange sUlVeys (ES) 

4. Mineral sUlVeys (MS) 

5. ReseIVation sUlVeys 

6. Military sUlVeys 

7. Town site sUlVeys 

B. Land grants 

9. Ranchos 

Thousands of sUIVeys have been placed on 
the ground-i.e., monumented, platted, and 
described-but never patented or recorded. 
These elusive sUIVeys are a continual source of 
trouble for the sUIVeyor, when overlooked 
during the research/suIVey stage of the pro­
ject. Though often unrecorded or difficult to 
retrieve from the public record, such sUIVeys 
can be a source of important information, 
detailing the more accurate location of a par­
ticular land parcel. Regardless of the type of 
land sUIVey requested, it becomes evident that 
local research, public contact, diligent retrace­
ment, and professional documentation are mini­
mum requirements for all land sUIVeyors. 

30-2-3. Research 

The part of land sUIVeying operations least 
understood and seldom willingly paid for by a 
client is the research required for a sUIVey. 
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After all, a client cannot hold a "conversation" 
in his or her hand, build a fence with "deeds" 
of adjoining landowners, or sell the 0.65 acres 
of land "lost" on the final plat description 
due to a senior adjoining (overlapping) survey. 
It becomes even more difficult to be the sec­
ond or third surveyor in a community to estab­
lish a second or third set of monuments in­
tended to define limits of the "same" parcel 
of land. Facetiously stated "more research 
means more problems." Realistically stated, 
"more research means better results." 

Research must gather all the written, physi­
cal, and testimonial elements surrounding a 
survey project. Prior to accepting a job, a 
client must be informed of the potential re­
search necessary to provide him or her with an 
accurate product. Contacts with adjoiners are 
imperative. A partial list of additional survey 
information sources follows: 

1. BLM 

2. Engineering/surveying companies 

3. Real estate/title insurance companies 

4. Transportation (Iocal, state, or federal) 

5. County records (registry of deeds/probate) 

6. Forest service, Park Service, and like 
agencies 

7. Utilities (electrical, gas, sanitation, tele­
phone, etc.) 

There is really no limit to the origin of possi­
ble survey information that can be uncovered 
with forethought and imagination. Only when 
surveyors feel comfortable that those following 
will not uncover new details can they cease to 
search for additional evidence of all survey 
problems. 

30-2-4. Retracement /Resurvey 
Techniques 

Eight case studies will describe some re­
tracement/ resurvey techniques. 

Case Study No.1: Missing 1897 
Quarter-Corner Stone Between Sections 
34 and 35 

BACKGROUND. A rectangular township was 
originally surveyed in 1897. Only three monu­
ments within the township were marked stones, 
the remainder were wood posts. Most of the 
monuments had two or four bearing trees as 
accessories. Three forest fires had covered the 
township since the original survey, leaving 
dense undergrowth and a 6- to 8-in. layer of 
duff on the ground. The survey project re­
quired locating 24 original section and/or 
quarter-section corners. The missing quarter 
for sections 34/35 was described as a stone 
marked with "t" on the west face. 

SURVEY RESULTS. In 1975, a four-person 
survey crew spent approximately four months 
and successfully located 20 of the required 24 
original monuments and/or their accessories. 
Of the four "lost" corners, three were wood 
posts with very small original bearing trees; the 
fourth was a stone monument for the quarter­
corner of sections 34/35. Dependent resurvey 
results were provided to private contract sur­
veyors for subdivision of certain sections by 
aliquot part. The contractors were required to 
delineate patent boundaries on the ground. 
Additional time was spent with the contractors 
searching for all lost corners. One hundred 
person-hours were spent searching for the 
quarter-corner of sections 34/35. Resurvey re­
sults indicated that the original surveyor com­
monly stubbed quarter-corners on east-west 
lines. Variations from the original record 
ranged from 2 to 288 ft per half-mile and up 
to 2° off cardinal directions. All persons con­
nected with the survey knew that the quarter­
corner of sections 34/35 physically existed, 
but efforts had to be abandoned at some point 
in time. Figure 30-21 illustrates the situation 
with record and resurvey results. 

AFrERSHOCK RESULTS. About 1979, a third 
surveyor began retracement work in section 27 
and decided to search again for the "lost" 
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quarter-corner of sections 34/35. The original 
marked stone was found several feet under a 
road fill and 80 ft SSW of the "single propor­
tioned" quarter-corner of sections 34/35. This 
precipitated the potential for resubdivision of 
section 34. Fortunately, lands were exchanged 
in the area negating the need to resubdivide 
section 34 for present ownership purposes. 
Section 34 will have to be corrected before 
future disposal of lands there can occur. The 
status of an original corner in place was reem­
phasized, and a need to continue searching 
when optimism still exists concerning corner 
evidence was reinforced. 

Case Study No.2: Homestead Entry 
Survey of 1912 

BACKGROUND. Prior to 1913, the GLO re­
tained the authority for surveying homestead 
entry surveys (HESs). To a minor extent in 
1912 and totally after March 1913, the Forest 
Service was authorized, under special instruc­
tions from the GLO, to use its own surveyors 
to survey HESs. As a carryover from some of 
the "stubbing" techniques customary to early 
GLO and contract surveyors, many of the 
pre-1913 HES surveys were not actually closed 
on the ground, as their official notes indi­
cated. Practices varied from leaving the last leg 
of the traverse open, computing corner loca­
tions from previously accepted nearby surveys, 
and/ or stubbing off from random line 
through the body of the HES. 

RESURVEY RESULTS. Figure 30-22 depicts the 
dependent resurvey results of this 1912 HES. 
Corners 1, 3, 4, and 5 were recovered in their 
original positions and corner 2 reestablished 
from its original bearing trees. An astronomic 
observation was taken to determine the basis 
of bearing. Distances between corners 1/2 
and 4/5 were relatively close to record, but 
distances between corners 2/3, 3/4, and 5/1 
varied significantly from the original record. 

DISCUSSION. Several suppositions may be 
made from these resurvey results. (1) The orig-

inal surveyor ran a random traverse through 
the center of the HES survey and stubbed 
corners off this random line. An error of ap­
proximately 100 ft was made along the ran­
dom line and remained undetected because 
the survey was not actually closed. (2) The 
HES lines were actually run from corner 1 
through 5, with a major error of approxi­
mately 117 ft between corners 2 and 3. A 
smaller mistake (or sloppy chaining) between 
corners 3 and 4 resulted in a final (unde­
tected) blunder of approximately 98 ft be­
tween corners 5 and 1. Or (3) an unlikely 
100-ft compensating chaining error was made 
between corners 2/3 and 5/1. 

Specific calls were made to a road, fence, 
and creek between corners 1/2 and 4/5. Two 
very general calls were noted between corners 
3/4, but none recorded between corners 1/5. 
Observation (1) is most logical though obser­
vation (2) could easily be urged. The end 
result is much the same, demonstrating the 
practice of "stubbing" as opposed to the close 
traverse required in survey instructions and 
returned in approved notes/plat. 

PRACTICAL APPLICATION. Suppose that cor­
ner 3 had been destroyed. The most common 
technique for reestablishing it would be by 
"grant boundary proportioning" between 
original corners 2 and 4, as shown in Figure 
30-23. A few calculations show that a grant 
boundary proportioning solution to lost cor­
ner 3 would place the new corner position 
99 ft from where corner 3 is actually located. 
Do not blindly enter a proportioning situation 
without gathering more information. A pru­
dent surveyor will always gather additional 
supporting evidence, when a major blunder of 
this nature is uncovered. Clients often request 
only partial surveys of their deeded lands to 
enable them to develop and sell a few lots at a 
time. An incompetent surveyor, asked by a 
client to establish lot corners between corners 
1, 2, and 3, could likely survey from corner 1 
to 2 and erroneously reestablish corner 3 at 
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record bearing and distance from corner 2. 
Numerous combinations of errors could be 
made through failure to retrace and analyze 
the "entire" HES claim. 

A positive note to this survey exists. The 
claim is totally encompassed by federal land, 
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Cor. No.5 

and due to the "excess" nature of the original 
survey blunder, there are approximately 3 
acres more than contained in the original 
patent description. The surveyor has little 
difficulty explaining excess acreage to a client. 
Would a client be as easy to negotiate with if 
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Figure 30·23. Grant boundary comparison of corner no. 3 in case study no. 2. 

survey results show 3 acres fewer than the 
patent description indicates? 

Case Study No.3: Fractional Section 9 

BACKGROUND. Refer to Figure 30-24. Sec­
tions 4, 5, and 8 of a fractional township were 

originally surveyed in 1891. A completion sur· 
vey of the southeasterly position of said town­
ship was done in 1917. A sectional correction 
line was established in 1917 to return as many 
regular sections as possible from the remain· 
ing portion of this township. Fractional sec­
tions were created when the 1917 survey closed 
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against the earlier one. Patent was issued to 
about 219 acres in Section 9, after the 1917 
survey, and described by government lots and 
aliquot parts. Three previous attempts to sub­
divide all or portions of fractional section 9 
were made by registered surveyors prior to a 
dependent resurvey in 1982. None of the prior 
surveys was done correctly, and one had re­
sulted in establishing "property corners" at all 
angle points of the 219 more-or-less private 
acres in section 9. The most recent and dam­
aging survey had been made in the 1970s. 

RESURVEY RESULTS. A thorough search for 
corners controlling section 9 resulted in re­
covering all but the east quarter-corner of 
section 8. The north and west quarter-corners 
of section 9 were not set in 1917 and are not 
common with the south quarter-corner of sec­
tion 4 or east quarter-corner of section 8, 
respectively. Several errors were made by sur­
veyors since the 1917 survey: (1) A straight line 
was established between the southeast and 
northeast corners of section 8. The 1917 sur­
vey indicated an angle point at the east quar­
ter-corner of section 8. A prior surveyor prob­
ably referred only to the 1891 survey, which 
returned the east line of section 8 as "s 0°08' 
E." (2) The south quarter-corner of section 4 
was assumed to be common with the north 
quarter-corner of section 9. Based on this er­
roneous assumption, the east sixteenth-corner 
(common to lots 1 and 2) on the north line of 
section 9 was placed at midpoint between the 
south quarter-corner of section 4 and north­
east closing corner (CC) of section 9. Govern­
ment lot 2 is patented private land, and lot 1 
reserved public domain. (3) A private surveyor 
of the 1970s failed to locate any corners along 
the east or south boundaries of section 9. The 
1917 record bearings were used for the east 
and south lines of section 9. Subdivisional cor­
ners within section 9 were then established by 
calculation from the northeast and southwest 
CCs of section 9. The 1970s private survey 

showed about 223 acres within the described 
patent. 

DISCUSSION. Completion of the 1982 de­
pendent resurvey revealed previously set sub­
divisional monuments up to 67 ft inside fed­
eral land and a total return of only 218 acres 
for the described patent-only t of 1% 
(0.003%) smaller than the original patented 
acreage. Unfortunately, the landowners re­
sisted the idea that they had only" 1 " acre less 
than their original patent and insisted they 
had been cheated out of "5" acres, the ap­
proximate difference between the 1970s and 
1982 survey. Lengthy discussions, considerable 
patience, polite listening, and a confession to 
the landowner of erroneous survey technique 
by the 1970s surveyor finally brought the 
landowner to an agreement with the 1982 
dependent resurvey. 

In this case, the merits of a proper and 
accurate resurvey are self-evident. Later con­
versations revealed that survey costs were the 
determining factor for "shortcuts" in the 
1970s survey. Resurvey and subdivision of sec­
tion 9, largely in mountainous terrain, grossed 
only $750.00 for the 1970s surveyor. The client 
probably received what was paid for. 

Case Study No.4: SubSidence and the 
Shifting Quarter-Comers 

BACKGROUND. Figure 30-25 illustrates a pe­
culiar situation that was overlooked by two 
previous land surveyors in their attempts to 
locate the common line between sections 1 
and 6. Section 1 is government land (reserved 
public domain), and section 6 has private own­
ership, with lots being sold and homes built in 
the northwest quarter of said section. 

In 1891, the west line of section 6 was 
originally surveyed on a "north" bearing and 
returned as 1 mi (80 ch) in length with the 
quarter-corner at midpoint. In a GLO survey 
of 1919, the township to the west was com­
pleted. The west side of T-N, R20E was re-
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traced and found to be out of closure limits, so 
CCs and offset quarter-corners were estab­
lished adjoining the said township from the 
west. The original west quarter-corner of sec­
tion 6 was recovered and remonumented by 
the 1919 GLO surveyor. A corner for the east 
quarter of section 1 was established about 
1 t ch southerly from the west quarter-corner 
of section 6. An angle point of 38 min was 
noted at the west quarter-corner of section 6, 
and each "half'-mile differed slightly from 
the original record. 

The first private surveyor merely ran a 
straight line between the corner common to 
sections 6/7 (southwest corner section 6) and 
the northwest corner of section 6. Stakes were 
set for a landowner to build a "section-line" 
fence near the two quarter-corners. An expen­
sive log-cabin-type home with eloquent land­
scaping was developed within 75 ft and east of 
the newly built fence line. The landowner 
stated that he and his surveyor had found the 
two quarter-corners to be considerably east 
of where they "should" be and ignored 
their position and any reason for their possible 
mislocation. 

A second private land surveyor was later 
asked to subdivide most of the northwest quar­
ter of section 6 into building lots. He failed to 
note the 1919 GLO survey; duplicated the 
"straight-line" relocation of the west line of 
section 6; did not question the log cabin's 
owner about the existence of the two quarter­
corners; and apparently assumed that they 
were "lost." Neither of the two surveyors set 
monuments for the two "missing" quarter­
corners. The later surveyor left several lot cor­
ner monuments along the north half-mile of 
the west line of section 6. 

RESURVEY RESULTS. Details are shown in 
Figure 30-26. During a dependent resurvey in 
1982, both surveyors were contacted, plats of 
their work acquired, and landowners along 
the common section lines interviewed. The log 
cabin's owner, near the two quarter-corners, 

escorted the 1982 surveyor to two iron 
pipe/brass-capped quarter-corner monu­
ments. They had been set by the GLO in 1919 
during its dependent resurvey of the west line 
of section 6. The monuments were about 120 
ft east of a straight line between the southwest 
and northwest corners of section 6. 

It is "unusual" to have GLO iron pipe 
corners so far from "record" location. An 
investigation of possible reasons behind their 
present position was begun. Standing near the 
quarter-corners, it was evident that the area 
had been changed by a landslide. Large rocks 
were on end, and a very broken ground sur­
face surrounded the immediate area. Several 
hundred feet away, the ground was rolling 
with a smoother surface, indicating more sta­
ble conditions. A deep, barren wash was noted 
just below an old irrigation canal northwest­
erly of the area. The landowner's father ex­
plained that the canal was originally used for 
ore-milling purposes on a placer claim, lo­
cated in the northwest portion of section 6. 

About 1930, a large quantity of water had 
entered the canal during spring runoff, caus­
ing the canal to breach just above the 
quarter-corners. Examination of the area by a 
soil scientist/hydrologist indicated that a ben­
tonite layer had been supersaturated by the 
excessive water flow. This caused a massive but 
very localized landslide that encompassed both 
quarter-corners, moving them almost straight 
east from their original positions. Observation 
from a quarter-mile away vividly shows the 
landslide results. 

DISCUSSION. The two previous land survey­
ors had not considered the angle point 
recorded in the 1919 GLO notes and plat. 
Unfortunately, the direction of this angle point 
did not favor the log cabin's owner. Mter the 
two quarter-corner positions were properly 
(legally) relocated, the log cabin was only about 
15 ft east of the common line between sections 
1 and 6. Considerable landscaping had been 
done in section 1. Fortunately, no lots had 
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been developed along the northerly portion of 
the section line. Original corner monuments 
were reset based on their locations from the 
1919 survey. Negotiations were begun between 
administrators of the government land and 
the owner of the expensive log cabin. 

CONCLUSION. The log cabin had been lo­
cated based on the first private-land surveyor's 
position for the common line between sections 
1 and 6, but both surveyors failed to recognize 
the 1919 GLO resurvey/survey. Records were 
readily available from a local government sur­
veyor's office and the BLM state office public 
room. There is no defense for failure to se­
cure and utilize all government-generated sur­
vey information prior to initiating field work. 
It is a more difficult task to locate privately 
generated survey information. 

Case Study No.5: The Wandering 
Corner and Transposed Notes 

BACKGROUND. A request was made in late 
fall of 1976, just after the first threatening 
snowstorm of a new winter season, to remonu­
ment a very important section corner control­
ling privately and federally owned land. Re­
covery notes of the corner described a prop­
erly marked stone, firmly set in the ground, 
with one bearing tree. Without reference to 
copies of the original notes, the cornerstone 
was remonumented. It had the correct num­
ber of grooves on two sides and a plainly 
scribed bearing tree northwest of the corner­
stone. The stone was referenced, its markings 
and position noted (one groove on the south 
and three grooves on the west faces?), and a 
standard iron pipe with brass cap set in its 
place, bearing the proper stamping and sur­
veyor identification. The cornerstone was 
buried alongside the iron pipe. A tie was made 
to the northwest bearing tree snag, but no 
other accessories were found at the time. 

Winter immediately grasped the country­
side, rendering it impractical to continue per-

petuation of this corner before the spring thaw. 
Shortly thereafter, copies of the original 1896 
survey notes were secured and they described 
four bearing trees. Additionally, there were 
notations by GLO surveyors in 1904, 1910, and 
1917. Following are extractions from the origi­
nal records: 

[8-20-1896] ... Set a granite stone, 14 X 12 X 

6 ins., 9 ins. in the ground for cor. of secs. 13, 
14, 23 and 24, marked with 3 notches on S., and 
one notch on E. edges, from which: A fir, 14 ins. 
diam., bears N.54°E., 2471ks. dist., marked 
T.-N.R.-E.S.13B.T. A fir, 14 ins. diam., bears 
S.38°E., 2221ks. dist., marked T.-N.R.­
E.S.24B.T. A fir, 16 ins. diam., bears S.27OW., 199 
lks. dist., marked T.-N.R.-E.S.23B.T. A fir, 24 ins. 
diam., bears N.41OW., 871ks. dist., marked 
T.oN.R.-E.S.14B.T. 

[9-24-1904] ... at the cor. of secs. 13, 14, 23 
and 24, which is stone, marked and witnessed as 
described by the Surveyor General. 

[5-18-1910] ... 1 began at cor. ofsecs. 13, 14, 
23 and 24 where 1 find comer stone missing. At 
point for cor. as determined from the bearing 
trees which are plain and in good condition, 1 
set a granite boulder, 18 X 12 X 10 ins., 12 ins. 
in the ground, for cor. of secs. 13, 14, 23 and 24, 
mkd. with 3 notches on the S., and 1 notch on 
the E. edge, witnessed as described by the Sur­
veyor General. 

[8-11-1917] ... Survey of H.E.S.- ... Retrace­
ment and subdivision of Sec. 13, T.-N., R.-E. 
From the Cor. of Secs. 13, 14, 23 and 24, which 
is a granite stone, 6 X 11 X 10 ins. above ground, 
marked and witnessed as described by the Sur­
veyor General. 

In April of 1977, the corner was revisited 
and a thorough search made for the other 
three bearing trees. Two more were found, 
but bearings and distances did not concur 
with the original notes. The standing bearing 
tree to the northwest was about 29 ft farther 
than record from the corner position. It was 
evident that this corner may have been prema­
turely remonumented, and further research 
was necessary. 



PROBLEM ANALYSIS. Refer to Figure 30-27. 
Findings and conclusions noted on a state 
corner recordation form are as follows: 

[4-21-1977] I found the original comer stone 
firmly set with a cross on the top and 1 groove 
on the south and 3 grooves on the west faces. 
Mter carefully tying in the three remaining orig­
inal bearing trees it was noted that no correla­
tion to the recorded bearing tree ties could be 
made. A careful search for another monument 
was made at recorded positions off each bearing 
tree with negative results. The chain of original 
recordation for this section comer is noted 
above. In an attempt to resolve the bearing tree 
and comer stone discrepancies I located the 
nearest 4 original comers of HES-along with a 
well imbedded mound of stone believed to be 
the position for the S-S 1/64 comer for sections 
13 and 14. I tied these points, along with the 
comer stone and the three original bearing trees, 
with the use a a Wild T-2 theodolite and a 
Hewlett-Packard 3800 distance meter. Mter ana­
lyzing the relative positions of each found cor­
ner monument and the bearing tree accessories 
with respect to their original records I deter­
mined a position for the comer of sections 13, 
14, 23 and 24 based on the following: 

1. The comer position was first determined by 
using the record bearings and distances as 
recorded in (the) 1917 HES survey. This position 
was found to closely concur with the record 
bearings to the three remaining original bearing 
trees but only concurred with the record dis­
tance to the northwest bearing tree. However, by 
exchanging the distances (as recorded in the 
1896 ... record) between the northeast and the 
southeast original bearing trees all three dis­
tances concurred closely to the original 1896 
record. 

2. It is apparent that a distance recording error 
was either made in the field at the time of the 
original surveyor during one of the transcrip­
tions of the original surveyors notes. With this 
conclusion it followed that the comer position 
would have to be reestablished from distance­
distance intersects off the original bearing tree 
positions. 

3. Therefore, I reversed the record distances 
between the northeast and the southeast original 
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bearing trees and meaned the two values ob­
tained from the distance-distance intersect posi­
tions between the northwest/northeast and the 
northeast/ southeast original bearing trees. 

4. Finally, I noted that the original comer stone 
was firmly imbedded in the ground but was 
turned 90 degrees clockwise from its recorded 
position (j.e., the 3 grooves are on the west and 
the one groove is on the south faces of the 
stone) indicating it having been disturbed and 
moved some time after the 1917 HES survey 
by ... 

LOCAL SURVEYOR CONTACTS. Further re­
search uncovered a subdivision plat in section 
23. A copy of said plat was secured and the 
responsible surveyor, who resided in an ad­
joining state several hundred miles away, con­
tacted. Explanations and conclusions were for­
warded to the surveyor with a request for 
comment and/or concurrence. The following 
letter was received very soon after: 

To Review: I was hired by a (Iocal) firm to layout 
the roads and survey some fronts on the Plat of 
[No Name] Creek. May stamp was used, that 
makes me responsible. 

[Mr. John Doe] was hired to survey all section 
breakdowns and present to [the firm]. [John] was 
cutting lines by himself with stobs for line and 
bringing up the chaining on the weekends with 
his young son. 

This "unorthodox" method was a little alarm­
ing to me, so for a check I started at the comer 
in question, west to Forest Service Road, south­
westerly along road to transmission line, easterly 
to comer, northerly along Forest Service Road 
and across the creek to starting comer. This tied 
in only two comers and I missed them about 
40.00 feet in closing. So we went to the North 
quarter and again missed [John] 20.00 feet or 
more. 

I put this information to (the firm) to review 
with (John Doe). 

The (Iocal) firm had a reputation of high-ball 
subdivisions and after I had placed the road 
pattern and some front comers, I again related 
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to [the finn], the compo sheet could be in error. 
At this point, I left the project and was told all 
final staking would be done by "others" and I 
learned these "others" were non licensed L.S.'s. 

I remember the corner from my first visit 
and one large yellow pine bearing tree was in 
evidence. 

I am sure I could place the corner within a 
foot or so in the position of its original. 

I can only wonder of the terrible possibility of 
this corner being moved to confonn with the 
original breakdown, which was in gross error. 

Seems hard to believe, but a possibility. 

I would be glad to assist in any manner possi­
ble, and for you to remove the stone and put it 
back in its original position would be a service to 
our profession. 

Yours truly, ... 9 

CONCLUSION. It is a very difficult decision 
(at best) to move an original corner monu­
ment, when it (1) was found firmly set in the 
ground, (2) had obviously been witnessed in its 
position for more than 20 yr, and (3) had been 
used to subdivide local properties. The princi­
ple of locating the best available evidence, 
analyzing conflicting evidence, and formulat­
ing a legally supportable corner location is 
important and essential to the success of a 
professional surveyor's work. It is imperative 
that all involved parties be contacted and pro­
vide adequate time to respond to a surveyor's 
proposals and conclusions; of most impor­
tance is the manner and permanency of docu­
mentation of the existing circumstances sur­
rounding surveying decisions. 

If ad joiners agree to move a corner to its 
"original" location, the problem is easily re­
solved. If not, then further negotiations must 
follow. One solution may be maintaining two 
corner positions-I.e., one section corner and 
one property corner. A "cookbook" answer does 
not exist for every survey problem. Each case 
has its own peculiarities, and a legally accept­
able solution remains the biggest challenge for 
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the professional surveyor. Occasionally, the 
courts are required to make a final "legal" 
decision. 

Case Study No.6: Grant Boundary 
Relocation of an HES Comer 

BACKGROUND. When we refer to Figure 30-
28, a chronological listing of events best ex­
plains this case, as follows: 

1. Original survey ofthe HES made about 1915. 

2. Occupancy and building construction near 
the lines between corners 1/2 and 2/3 in 
place. 

3. Retracement and plating of lines 1/2 and 
2/3 with ties to encroached buildings and 
roads accomplished about 1955. 

4. Lot purchased near corner 2, by present 
landowner, with expansion of existing home 
and improvements to surrounding land. 
Further encroachment occurred at this time. 

5. Government surveyor resurveyed from cor­
ner 1 through 3, noted corner 2 had been 
destroyed, reset corner 2 by grant boundary 
method between corners 1 and 3, and posted 
the common property line between the HES 
and federal land. 

6. Landowner hired his own surveyor, who 
agreed with the government surveyor. Dis­
satisfied, the landowner hired a second sur­
veyor who told the story "another way." 
Second surveyor found barbed wire imbed­
ded in a stump at a "convenient" position 
that would lessen the extent of his client's 
encroachment. 

7. Differing opinions remained the point of 
heated discussion between land-owners, at­
torneys, and public-land administrators for 
several years. 

ADDITIONAL RESEARCH. With the conflict­
ing information noted, meetings were initiated 
with all parties involved. Mter the inspection 
of numerous documents, the disputed corner 
location area was visited, and the existing and 
proportioned corners of the HES photoidenti­
fied. A search through old aerial photo files 
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disclosed flights over the project site in the 
mid-1950s. Comparison of early and more re­
cent aerial photographs substantiated the exis­
tence of two large crowned conifer trees at the 
locations of the original bearing trees for cor­
ner 2. The corner position had been disturbed 
and about 4 ft of soil including the two origi­
nal bearings, were removed from the immedi­
ate area. 

During meetings with the landowner's at­
torney and surveyor, procedural elements of 
the survey were reviewed, and the aerial pho­
tographs discussed. The surveyor acknowl­
edged an understanding of photogrammetry 
and recognized its use as a legal and viable 
tool for substantiating original corner evi­
dence. He agreed to go over the new findings 
and indicated a response would be forthcom­
ing. 

RESULTS AND CONCLUSIONS. Unfortunately, 
several months lapsed without a response from 
the surveyor. The attorney was again con­
tacted and informed that the government 
would proceed based on its surveyor's conclu­
sions unless a response was received immedi­
ately. The attorney "strongly" warned the gov­
ernment surveyor that reluctance to respond 
was not sufficient reason to proceed as pro­
posed, and that to do so would be ill-advised 
on the government's part. Pressure often pre­
cipitates results, so the opposing surveyor was 
reminded of the government's intent to con­
tact the state surveyor's board and also request 
an official BLM dependent resurvey of the 
HES. With this added fuel, the surveyor finally 
agreed to accept the government surveyor's 
findings and advised his client and attorney 
accordingly. 

It is unfortunate that power and money 
speak so loudly, as evidenced in this case. 
When land boundary disputes linger between 
opposing parties and their legal counsel, the 
only benefiting party is the attorney. If formal 
courtroom litigation results, additional money 
is often wasted and the legally verifiable cor­
ner and property line evidences will generally 
prevail. The key to successfully staying out of 
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court is communication, professionalism, and 
education on the part of all parties involved. 
Preceding these elements is the responsibility 
of the land surveyor involved to gather all 
possible evidence and present his or her con­
clusion to all parties in the most concise 
and understandable manner. Litigation can 
often be avoided with round-table discussions 
based on legally supportable proposals and 
conclusions. 

Case Study No.7: Following in the 
Surveyor's Real Footsteps 

This case and accompanying Figures 30-29 
and 30-30 are vivid examples of the shortcuts 
and random surveying techniques so often sus­
pected of the early GLO surveyors. The origi­
nal survey was made in 1875 at elevations from 
5000 to 10,000 ft above sea level, and terrain 
ranging from mild to "very difficult" and im­
passible at times. A considerable effort had 
been expended over a 5-yr period to locate 
the original corners controlling private and 
federal lands interspersed throughout the 
township. 

Seven of the original 85 internal township 
corners and 12 original exterior boundary 
corners were found. When survey connections 
were made between these 19 corners and pre­
viously found corners along the north and east 
boundaries, the total township was reasonably 
regular compared with the original platted 
bearings and distances. A couple of striking 
differences-not unusual for an 1875 survey 
-were noted. The bewildering aspect of the 
resurvey efforts was the apparent absence of 
corners inside the township. 

The task was assigned to investigate the 
existing corner evidences and attempt to lo­
cate additional evidence of original corners. 
Mter several hours of unsuccessful search near 
the quarter-corner of sections 19 and 20, all 
previous input and inferences were aban­
doned and the basics used over the past 23 yr 
applied. Corner search has some consistencies 
but demands creativity and insight in cases 
where the original surveyors deviated from the 
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mandated procedures that they were under 
oath to follow. A new start was made, armed 
with copies of the original field notes/plats, 
7.5-min topographic maps of the area, aerial 
photos, and appropriate scales and marking 
pencils. 
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Within 15 min, three record calls were cor­
related with the topographic quandrangle map 
and transferred to aerial photography. The 
search area was localized on the ground, and a 
blazed tree found within t ch of the photo 
plot. A search northerly from this blazed tree 
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Subsequent searches at various times over 
the next 12 wk netted an additional 23 origi­
nal corners. The enlightening aspect of this 
research came when a "random" line was 
discovered through the northerly portion of 
section 17. The blazed trees were bored with 
an increment bore and dated back 110 yr 
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(1875) to the initial face of the blaze. This 
discovery led to the location of about 12 mi of 
random blazed survey line, marked by the 
original surveyor. These blazed lines were con­
siderable distances from the projected section 
lines. 

Figure 30-30 illustrates the approximate lo­
cations of these random blazed lines. It was 
evident that the surveyor had carried his "lats 
and deps" along these lines and offset to his 
comers as he neared their calculated posi­
tions. More than 50% of the original comers 
in the west half of the township were found, 
but no additional original comers in the town­
ship's east half could be located. A prime 
factor contributing to success in the west half 
was the absence of logging and forest fires 
since the original survey. The east half had 
been heavily logged and burned since the 
1875 survey. Also, there were numerous calls 
of record that fit in the west half, whereas they 
were severely lacking in compatibility over 
most of the township's east half. The most 
difficult terrain was in the east half. Many 
more comers were set in the original survey 
than could be located, but imaginative ap­
proaches to discover more of them ran out. 

Figure 30-30 shows the differences and 
comparable accuracies found throughout the 
township. It was fairly simple to determine 
which comers were stubbed. Locations of the 
random blazed lines indicate that the 1875 
surveyor was a good "ridge-runner" and read­
ily sought points of visibility and "paths of 
least resistance." He was actually quite creative 
in his approach, but this creativity was a hin­
drance to successfully locating more of his 
original comers. Some corners were thor­
oughly searched on four different occasions, 
with new ideas and approaches, but remained 
undiscovered. More comers are definitely in 
existence. It is difficult to place limits on search 
time and area, but efforts must terminate at 
some date. Perhaps other comers will be found 
later. 

RETROSPECT. What about the efforts of 
surveyors for several years prior to this recent 
involvement? Some merely lacked time and 

experience in identifying original evidences. 
Others failed to recognize or acknowledge the 
presence of "llO-yr old" blazed trees left by 
the original surveyor. Some were led from 
more logical search areas by "local" erro­
neous comers set about 1935. Still other had 
relied on the unsuccessful efforts of previous 
surveyors and failed, themselves, to make addi­
tional searches prior to their final resurvey 
efforts. Each new project demands considera­
tion of all previous evidence and must include 
an independent and unbiased search for addi­
tional record and/or physical information that 
may have been overlooked. A valuable maxim 
states: "Search until you find the original evi­
dences or until you feel certain that no one 
will find them after you." 

Case Study No.8: Illusive 1866 Corner 
Monuments 

BACKGROUND. An original GLO survey was 
conducted between sections 11 and 12 in 1866, 
including the west quarter-mile of the north 
line of section 12. The township was com­
pleted by another GLO surveyor in 1875. De­
pendent resurvey work was accomplished be­
tween 1948 and 1950. The 1866 survey plat 
and field notes described a stone monument 
at each comer location, with bearing tree ac­
cessories scribed for the two section corners 
and 1/16 corner. The 1875 GLO survey con­
nected with the 1866 survey but never over­
lapped in section 12. Figure 30-31 illustrates 
the relationship between the 1866 and subse­
quent surveys/resurveys. 

Several private and Forest Service resurveys 
were accomplished from about 1900 through 
1984. Prior to 1985, none of the resurveys had 
located evidence of the 1866 comers between 
sections 11 and 12. During the 1985 field 
season, a contract awarded to a private sur­
veyor required subdivision and posting of fed­
eral boundaries in and around section 12. 

RESURVEY ANALYSIS. Several inconsistencies 
became apparent when the various surveys/ 
resurveys were compared and lines of section 
12 retraced. A composite of retracement data 
is shown in Figure 30-32. Early in the 1985 
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resurvey, 5 of the 1875 corners were recov­
ered, and all 8 of the 1948 to 1950 corners 
around elongated section 12 were found. The 
1948 to 1950 field notes described a properly 
marked stone for section corner 1, 2, 11, and 
12 that was found set firmly in the ground. 
The same field notes further explained that 
the found stone had been locally accepted and 
adjudicated by a 1915 court. A final comment 
stated that "no evidence of the original (1866) 
bearing trees were found." 

EXTRA EFFORT PAYS OFF! Each recovered 
corner involved with section 12 was reviewed, 
including several corners of adjoining sec­
tions. Analysis of topographic and man-made 
calls in the 1866 field notes correlated very 
closely with existing features on the ground. A 
mill race had been called in both the 1866 
and 1948 to 1950 field notes as being north 
and east of section corner 1, 2, 11, and 12. 
Figure 30-33 illustrates the location of the mill 
race with respect to each survey. 

The mill race is easy to identify on the 
ground and meanders in a northwesterly di­
rection. The contractor's random traverse line 
intersected the mill race several hundred feet 
east from the 1948 to 1950 GLO monument 
for section corner 1, 2, 11, and 12. From this 
point of intersection, the 1866 record distance 
was measured west and fell in the bottom of a 
5-ft-deep ravine running southwesterly. Bear­
ing trees for the original 1866 comer were 
described as a 9-in.-diameter pine and 36-in.­
diameter fir. Inspect of the area quickly netted 
a 26-in.-diameter fir bark shell and pine bark 
crown at the record bearings and distances as 
recorded in the 1866 field notes. If these sus­
picious remains of fir and pine proved to be 
the original 1866 bearing trees, the 1948 to 
1950 "corner" would be about 135 ft too far 
west. 

Positive results fell quickly into place. The 
contractor reevaluated corners on the west 
line of section 12 and searched about 135 ft 
east from the existing fence line. With profi­
ciency gained from professional experience 
and judgment, the contractor found the origi-

nal marked stone, with a mound of stone, for 
the quarter-corner of sections 11 and 12. Soon 
after, he uncovered, from beneath several 
inches of soil, the original marked stone mon­
ument for section comer 11, 12, 13, and 14. 
To complete his search, the original stone 
monument for section comer 1, 2, 11, and 12 
-properly marked-was uncovered in the 
bottom of the shallow ravine. The previously 
located fir and pine bark remains were veri­
fied as the original 1866 bearing trees. 

DISCUSSION. A problem now existed. Two 
locally accepted corner monuments had been 
used to subdivide "expensive" properties. Per­
manent residences and vacation homes had 
been built on the subdivision lots. Numerous 
survey plats, both private and government­
generated, had been filed in the county 
records. The whole community had been rely­
ing on two monuments that were not control­
ling points, as called for in the original patents 
to private lands in sections 1, 2, 11, and 12. 
Regardless of the existing circumstances, two 
original monuments had been found in direct 
conflict with "local" monuments. A third 
original monument was found in conflict 
with a long-standing fence line. 

As of January 1986, agreements do not exist 
between ad joiners of properties affected by 
these multiple comers. Additional resurvey 
and investigation are needed, along with meet­
ings between government and private home 
and lot owners who have occupied their space 
for many years since the original patents. One 
solution may be to hold the "local" corners as 
control for existing subdivisions and occu­
pancy, while using the "original" comers for 
control of future land divisions. One basic 
principle must hold-i.e., controlling corners 
of an original survey, found undisturbed, 
will retain their intended identity and control 
descriptions of patents issued from their 
locations. 

It will become necessary to redescribe exist­
ing land parcels in conformance with metes 
and bounds within the rectangular system 
rather than aliquot part descriptions of the 
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rectangular system. Professional surveyors will 
play an important role in explaining the pre­
ceding situation to landowners and redescrib­
ing their land parcels. 

SUMMARY. An objective observation of case 
study no. 8 leaves a serious question as to why 
the original evidences of the 1866 corners 
were not discovered before 1985. Surely, evi­
dences must have been less deteriorated in 
1948 or 1915, when much of the resurveying 
activity was happening. Research, thus far, has 
failed to uncover records of any "1915 court 
case," so its significance is as yet unkown. As 
to establishment of the unmarked stone mon­
ument found in 1948 to 1950 for section cor­
ner 1, 2, 11, and 12, it is possible that it was 
stubbed "~ mi east" off the original quarter­
corner of sections 2 and 11. Retracements of 
other lines between original corners of the 
1866 GLO survey show evidence of stubbing, 
resulting in several hundred feet and a few 
degrees of discrepancy with the same survey of 
record. 

CONCLUSIONS. Surveying advice is never 
complete without a reminder from A. C. Mul­
ford, who was well ahead of his time. In the 
preface of his book Boundaries and Landmarks, 
he states: 

... No attempt is made to describe how the lines 
should be measured; the intent is rather to fur­
nish suggestions as to the method of locating the 
line to be measured-in short, finding it. It is far 
more important to have faulty measurements on 
the place where the line truly exists, than an 
accurate measurement where the line does not 
exist at all.' 

In this book's last chapter, "Responsibilities 
of the Surveyor," the profession's duty is de­
fined: 

The watchwords of the surveyor are Patience 
and Common Sense. 

Curiously enough the Surveyor is isolated in 
his calling, and therein lie his responsibility and 

his temptations. The lawyer comes nearest to 
understanding the work, yet of the actual details 
of a survey most lawyers are woefully ignor­
ant .... To the skilled accountant of the bank 
the traverse sheet is a closed book. Dishonesty in 
ordinary business life cannot long be hid and 
errors in accounts quickly come to light, but the 
false or faulty survey may pass unchallenged 
through the years, for few but the Surveyor 
himself are qualified to judge it .... Therefore I 
believe that to every Surveyor who values his 
honor and has a full sense of his duty the fear of 
error is a perpetual shadow that darkens the 
sunlight. 

Yet it seems to me that to a man of active 
mind and high ideals the profession is singularly 
suited; for to the reasonable certainty of a mod­
est income must be added the intellectual satis­
faction of problems solved, a sense of knowledge 
and power increasing with the years, the respect 
of the community, the consciousness of responsi­
bility met and work well done. It is a profession 
for men who believe that a man is measured by 
his work, not by his purse, and to such I com­
mend it.8 

NOTES 

1. U.S. Department of the Interior, BLM. 1973. 
Manual of Instructions faT Suroey of the Public 
Lands of the United States. Washington, DC: U.S. 
Government Printing Office. 

2. 1857. Instruction to the SUroeyOT General of Oregon; 
Being a Manual for Field operations. GLO: Wash-
ington D.C. ' 

3. The Ephemeris of the Sun, Polaris, and Other Se­
lected Stars with Companion Data and Tables. GPO: 
Washington D.C. (published annually) 

4. Restoration of Lost or Obliterated Comers and Subdi­
vision of Sections, a Guide for Suroeyors. 
1883-1974. Rancho Cordova, CA: Carben Sur­
vey Reprints. 

5. 1980. W. E. Peters. Ohio Lands and Their History. 
New York: Ayer. 

6. Alaska United Gold Mining Co. v. Cincinatti­
Alaska Mining Co. 1916.45 L.D. 330. 

7. A. C. Mulford. 1912. Boundaries and Landmarks. 
New York: Van Nostrand Reinhold, Preface. 
1974 Rancho Cordova CA Carben Survey 
Reprints. 

8. . Responsibilities of the Surveyor. 
Boundaries. pp. 88-89. 
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31 
Optical Tooling 

James P. Reilly 

31-1. INTRODUCTION 

Occasionally, surveyors may be requested to 
provide very precise dimensional control in 
the assembly and alignment of aircraft jigs, 
automobile and farm implement manufactur­
ing, and other machine elements. The term 
optimal tooling refers to surveying techniques 
that have been introduced into the aircraft 
and other industries to make accurate dimen­
sional layouts possible. Many people refer to 
this process as optical alignment. 

Optical tooling is not surveying in the clas­
sical sense. During World War II, it became 
necessary to manufacture airplanes and ships 
in very large numbers, and the story goes that 
standard surveyors' levels and transits were 
used to align fuselags and wings in British 
manufacturing facilities. Prior to that time, all 
alignment was done with a taut wire in laying 
out keels for large ships, etc. Since World War 
II, several instrument manufacturers working 
with U.S. aircraft companies have designed 
instruments specifically for optical tooling. 

With limited space available for so many 
topics in a handbook, only a short treatise on 
optical tooling can be presented. The objec­
tive here is to give important information on 
the "basics." Many books and reference man-
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uals have been written on the subject, and 
some are listed at this chapter's end. 

Instruments used today by optical-tooling 
specialists will be mentioned, along with the 
new computer-controlled real-time systems that 
have gained a strong position in an industry 
still using some instruments and technology 
developed in World War II and the Korean 
Conflict days. 

31-2. OPTICS, COLLIMATION, AND 
AUTOCOLLIMATION 

Since optical instruments are the backbone of 
optical tooling, it is necessary to understand 
the basics of light passing through glass and 
reflected off mirrors. Principles of collimation 
and auto collimation will also be explained. 

31-2 -1. Refraction 
Refraction changes the direction and bends 

a ray of light as it passes obliquely from one 
medium to another of different density. 

Light passing from a medium like air into a 
dense transparent material such as glass has its 
speed reduced. Transparent material can be 
rated by the speed of light in a vacuum di-



vided by the speed of light through the mate­
rial. This number is called the material's index 
of refraction, universally referred to by the 
letter n. The index of refraction for ordinary 
glass is about n = 1.5, but of course, manufac­
turers of optics do not use ordinary glass. For 
the flint glass utilized in some theodolites, 
n = 1.62. The index of refraction varies slightly 
for colored glass. 

31-2-2. Reflection 
When a light ray strikes almost any surface, 

it is partially absorbed, and some of its colors 
are reflected in every direction as diffused 
light. The colors reflected are the means by 
which the color and shape of an object can be 
seen. 

Smooth surfaces, like glass or highly pol­
ished metals, absorb very little light and reflect 
most of it in a definite direction-the basis of 
a mirror. A ray that strikes a mirror surface is 
reflected so the angle of reflection equals the 
angle of incidence (see Figure 31-1). 

One characteristic of glass is that for a large 
angle of incidence, all the light will be re­
flected back into the glass. The angle of inci­
dence at which this occurs is called the critical 
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angle. Incident angles still larger are termed 
angles of total rejl£ction. This phenomenon is 
depicted in Figure 31-2. 

The critical angle can be computed by 
Snell's law. It is defined as the angle whose 
sine is the ratio of the two indices of refrac­
tion. As an example, where n = 1.00 for air 
and n = 1.60 for optical glass, sine (critical 
angle) = 1.00/1.60 = 0.625 and critical 
angle = 38°41'. 

The ordinary mirror in every home is a 
glass plate with silvering on the back. A rear­
surface mirror produces unwanted reflections 
that result in a less sharp image (Figure 31-3). 
If the mirror is not flat, again the reflected 
image will not be sharp (Figure 31-4). 

Mirrors for optical tooling must be optically 
flat and silvered on the front surface. A person 
hearing the word "mirror" automatically 
thinks of glass. This is not necessarily so; pol­
ished metal surfaces can be employed, pro­
vided that they are perfectly flat. 

31-2-3. Collimation 

In optical tooling today, essentially all in­
struments used have one or more telescopes, 

Angle of 
refraction 

Figure 31-1. On mirror surface, angle of incidence equals angle of reflection. 
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n = 1 (air) 

n= 1.60 

Angle of incidence 
greater than 
critical angle 

Nonmirrored surface 

Figure 31-2_ On non mirrored glass surface, angle of incidence equals angle of reflection, when 
angle of incidence exceeds critical angle. 

each with one or more reticles (cross lines). 
The telescopes have glass optics (lens), and the 
light that passes through the telescope, from 
an eyepiece ad the objective lens, is controlled 
by the design characteristics of the different 
lenses in the optical path. 

In optics, collimation means producing par­
allel rays. In the optical-tooling field, it also 
signifies the lines of sight of two instruments 
parallel. A collimator is a telescope focused to 
infinity and the reticle illuminated. Rays of 
light emanating from the reticle will be paral­
lel when they leave the objective lens. If an­
other telescope focused to infinity is pointed 
at the collimator, the collimator reticle will be 
seen as a perfect target at infinity. 

Figure 31-3. Rear-surface mirror produces unwanted re­
flections that result in reflected image not being sharp. 
(Courtesy of Wild Heerbrugg, Ltd.) 

If the line of sight of a telescope is parallel 
to the line of collimation, the telescope reticle 
will be seen to coincide with that in the colli­
mator, regardless of whether there is any small 
displacement up or down, right or left, be­
tween the two objectives. Since parallel rays 
are involved, the distance between the objec­
tives is not important. The telescope can be 
placed directly in front of the collimator, as in 
Figure 31-5. When sighting distances are lim­
ited, collimators are used as references for 
angle measurements. 

31-2-4. Autocollimation 

Autocollimation is the process of sighting 
with a telescope focused to infinity on an 
optically flat mirror. The reticle, which is in 
the focal plane of the telescope, must be 
brightened from the eyepiece side. Rays of 
light emanating from the illuminated reticle 
leave the objective as a parallel beam. If the 
mirror is exactly at 90° to the line of sight, the 
rays will be reflected back along their own 
paths to form an image in the focal plane at 
the reticle position. When looking through 
the eyepiece, the telescope reticle will be seen 
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Figure 31-4. If mirror is not flat, rays of 
light will not be reflected back along their 

\--=====:!::"-E-- I paths, and reflected image will not be 

to coincide with its own reflected image, which 
is inverted (see Figure 31-6). 

If the mirror is now turned through a small 
angle 5, the reflected rays will be moved 
through an angle 25. If at least some reflected 
rays still enter the telescope objective-i.e., 
provided that the mirror has not been turned 
too far-the cross-lines' image remains formed 
in the focal plane, but it will be displaced with 
respect to the telescope cross wires (see Figure 
31-7). 

With an autocollimation telescope on a 
theodolite, it is very simple to determine the 
angle of tilt. Read the horizontal and vertical 
circles before turning the mirror, then bring 
the cross lines into coincidence with their re­
flected images, and again read the two circles. 
To compute the angles turned, use the follow­
ing equations: 

(31-1) 

(31-2) 

where HI and H 2 are the first and second 
horizontal circle readings, VI and V2 the first 
and second verticle readings, and tlH and tlV 
the horizontal and vertical angles through 
which the mirror has turned. 

Collimator 

sharp. (Courtesy of Wild Heerbrugg, Ltd.) 

31-3. INSTRUMENTATION 

Optical tooling has been accepted as the only 
accurate method of making measurements on 
subjects too large to be ascertained by me­
chanical instruments such as comparators. Op­
tics provide a line of sight that is absolutely 
straight, has no weight, and serves as a perfect 
base from which to make accurate measure­
ments. 

Most optical-tooling measurements in shop 
construction are very basic and made to deter­
mine if a tool (and the object being worked 
on) is (1) aligned, (2) flat or level, (3) plumb, 
and (4) square. Exact alignment, precise linear 
and angular measurements, and perfect level 
and plumbness for vertical control can be ob­
tained with a properly adjusted surveyor's level 
and theodolite. When measurements to thou­
sandths of a foot were sufficient for shop prac­
tice, standard surveying instruments could 
meet the requirements. Today, however, toler­
ances of less than one-thousandth of an inch 
and decimals of a second of arc have resulted 
in refinements of even the better surveying 
instruments. 

With the advent of modern digital comput­
ers and rapid advancements made in 
CAD/CAM systems (computer-aided design/ 
computer-aided manufacturing), there is a 

Telescope 

Figure 31-5. Sighting with a telescope 
into a collimator. (Courtesy of Wild Heer­
brugg, Ltd.) 
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Cross-hairs and reflected image in focal plane 

Figure 31-6. Telescope schematic with au­
tocollimation eyepiece reflecting image of .A 
cross lines back into focal plane of cross ~ 
lines (reticle). (Courtesy of Wild Heerbrugg, 
Ltd.) 

o~kcn: : ~ 
greater demand for X-, Y-, Z-coordinate deter­
mination instrumentation. With X, Y, Z 
known accurately, the four required condi­
tions can be checked mathematically. 

31-3-1. Alignment 
In assembling large structures, such as air­

craft fuselages, ships, etc., it is necessary to 
establish a line of sight from which the sub­
components are positioned. This line is usually 
defined by a mirror or optical instrument (the 
alignment telescope) (Figure 31-8). It can be a 
permanent fixture on the tool or jig, or at­
tached to optical-tooling bars outside the tool 
or structure being assembled. The alignment 
telescope provides a long, absolutely straight, 
permanent optical reference line. It can be 
focused for any distance from practically zero 
(the point sighted being actually in contact 
with the front end of the telescope) to infinity. 
The magnification varies from 4 X at zero 
distance to 47 X at infinity. Figure 31-9 shows 
an alignment telescope being used for the 
alignment of compressors. 

31-3-2. Level 
Surveyors need no further explanation of 

the word level. In optical tooling, tolerances 

Figure 31-7. Mirror tilted through angle 5; 
rays reflected back are shifted through 25. 
Cross lines and reflected images no longer 
coincide. (Courtesy of Wild Heerbrugg, Ltd.) 

Plane mirror 

fall within a narrow range, and the distances 
observed are much shorter than those experi­
enced in outdoor surveying. 

The levels used are generally tilting or au­
tomatic instruments equipped with a parallel­
plate micrometer (optical micrometer) read­
ing directly to 0.001 in. or smaller. They can 
be focused for any distance from the front end 
of the telescope to infinity; the magnification 
varies from about 20 X at short distances to 
30 X or more at infinity. The level used can 
be either the three- or four-level screw type. 
Observations are normally made on optical­
tooling scales specifically manufactured for 
optical-tooling applications. 

Optical micrometers were originally manu­
factured as attachments for levels and transits 
to be used for precise leveling and alignment. 
Today, several European manufacturers of 
precise surveying instruments are incorporat­
ing the optical micrometer inside the instru­
ment (see Figure 31-10). 

An optical micrometer consists of a disk of 
optical glass with flat, parallel faces called a 
planoparallel plate. It is designed to permit 
precise tilting by moving a graduated drum, 
located as shown in Figure 31-11. The device 
illustrated is mounted on the instrument in 
place of a sunshade, with the plate in front of 

Cross-hairs 

---
-- --

Reflected image 

-- ~-
...... -­------

26 
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Figure 31-8. Alignment telescope. (Courtesy of Cubic Precision, K & E Electro-Optical 
Products.) 

Figure 31-9. Optical alignment of compressors. (Courtesy of Cubic Precision, K & E 
Electro-Optical Products.) 
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• 

Figure 31-10. Wild N-3 tilting level. (Courtesy of Wild 
Heerbrugg Instrument, Inc.) 

the objective lens. A lower right-hand screw 
clamps the micrometer in position. A knob 
and drum control the planoparallel plate. Fig­
ure 31-11 shows the line of sight moved 0.081 
in. to the right, as read on the drum. 

When the optical micrometer is mounted 
on a precise level, it would be rotated 90° from 
that shown in Figure 31-11, so the movement 
of the planoparallel plate will be up and down. 
Figure 31-12 illustrates schematically the use of 
an optical micrometer for measuring a vertical 
distance. The sights are taken on an accurately 
graduated steel scale divided into tenths of an 
inch. Figure 31-12a shows the line of sight 
falling between 2.5 and 2.6 in. for the zero 
position of the micrometer. The drum is grad­
uated in both directions from 0 to 100. To 

Figure 31-11. Brunson optical micrometer. (Courtesy of 
Brunson Instrument. Co,) 
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Figure 31-12. Principle of optical micrometer. (Courtesy 
of Cubic Precision, K & E Electro-Optical Products,) 

avoid turning in the wrong direction, the drum 
is first set to zero and then rotated to make 
the line of sight move toward the graduation, 
with the lesser value on the steel scale (2.5 in. 
in Figure 31-12b). The drum always records 
movement of the line of sight from its zero 
position. Figure 31-12b shows a movement of 
68.0 thousandths, thus making the reading 
2.500 + 0.068 = 2.568 in. 

31-3-3. Square 
Several special instruments designed pri­

marily for optical-tooling jobs include adap­
tions of the higher-accuracy theodolites famil­
iar to land and geodetic surveyors. 

A jig transit is an optical instrument with a 
telescope mounted so that it can be rotated 
about a horizontal and vertical axis. Like most 
optical instruments, it can be focused from the 
front end of the telescope to infinity, with 
magnification varying from 20 X at short dis­
tances to about 30 X at infinity. Figure 31-13 
shows a jig transit mounted on a special stand. 
It does not have a horizontal or vertical circle 
and is used mostly to establish vertical refer­
ence planes. It is equipped with an optical 
micrometer and a front-surface mirror on the 



Figure 31-13. Jig transit and lateral slide attached to 
instrument stand. (Courtesy of Brunson Instrument Co.) 

end of the horizontal (trunion) axis. The mir­
ror is perpendicular to that axis, so when it is 
autocollimated with a reference telescope, the 
plane established by the line of sight is per­
pendicular to the reference line of sight. Fig­
ure 31-14 illustrates this concept. A lateral 
slide just below the jig transit allows the instru-

\. P~",I Sr9fJ1~d 
M~"(N Ounl 

Figure 31-14. Setting jig transit at right angles to sight 
line. (Courtesy of Cubic Precision, K & E Electro-Optical 
Products.) 
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ment to be moved a short distance without 
disturbing the instrument stand. The process, 
called bucking-in, is exhibited schematically in 
Figure 31-15. 

Theodolites may be the conventional opti­
cal type used by surveyors to measure horizon­
tal and vertical angles to 1 sec of arc or better. 
Some, however, are manufactured specifically 
for optical tooling and equipped with an auto­
collimation eyepiece and internal wiring (see 
Figure 31-16). Their shortest focusing distance 
is usually 1 m or more, and the magnification 
about 30 X . 

A theodolite can autocollimate to a refer­
ence mirror, then turn a 90° angle to establish 
a plane perpendicular to the reference line. If 
a mirror is moved along a flat surface or 
rotated about an axis, any change in flatness is 
evident by the cross-lines displacement. The 
size of movement can be measured with the 
horizontal and vertical circles, as discussed 
earlier. 

The telescopic transit square is an instru­
ment similar to a jig transit, but it has a second 
telescope perpendicular to the main one 
through the instrument's hollow axis. This 

$19'" FlU Poilt' 
tlltd eNd NH' 
Poinl 

WI", M«ltDttltrJl 
Lotffl/I Adiul/H 
Mcr, SI;,ftlly 

5,'9'" FCf 1'01"'" 
and CMd N#D' 
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Figure 31-15. Bucking-in. (Courtesy of Cubic Precision, 
K & E Electro-Optical Products.) 
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Figure 31-16. Wild T-3A autocollimation theodolite. 
(Courtesy of Wild Heerbrugg Instruments, Inc.) 

cross telescope" is normally equipped for 
both collimation and autocollimation (see Fig­
ure 31-17). On some transit squares, the main 
telescope is identical to that of the jig transit, 
but the cross telescope has a fixed magnifica­
tion of about 30 X and the focus is fixed at 
infinity. 

31-4. COORDINATE 
DETERMINATION 
INSTRUMENTS 

These devices have made their appearance 
in the optical-tooling equipment market. They 
operate as two electronic theodolites con­
nected directly to a microcomputer (see Fig­
ure 31-18), The computer has special software 
that take the horizontal- and vertical-circle 
readings from the two theodolites and gener­
ate X-, Y-, and Z-coordinates of points on the 
tool or jig. With the three coordinates of many 
points now determined, it is simple for a com­
puter to examine the four critical parameters 
-i.e., aligned, flat or level, plumb, and square. 
The computer also performs very sophisti­
cated analyses of the data, such as checking if 

Figure 31-17. Brunson 76R telescope transit square. 
(Courtesy of Brunson Instrument Co.) 

all points lie on a cylinder, sphere, paraboloid, 
etc. 

31-5. ACCESSORIES 

The accessories available to optical-tooling 
specialists can easily number 100. They in­
clude such items as scales, scale holders, tar­
gets, etc. One of the more important ones is 
the optical micrometer (parallel-plate microm­
eter). Another accessory used extensively is the 
autocollimation prism. It is a 90° prism (roof 
prism) mounted in a housing that allows the 
prism to be rotated horizontally and vertically 
(see Figure 31-19). Generally, there is a rela­
tively sensitive plate level in the housing to 
facilitate leveling the prism precisely, thus set­
ting its roof edge horizontal. 

In the horizontal plane, the 90° prism func­
tions as a mirror. In the vertical plane, it 
performs much like a retroreflector used for 
electronic distance measurements-i.e., an in-
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Figure 31-18. Coordinate-analyzing theodolite system. (Courtesy of Wild Heerbrugg 
Instruments, Inc.) 

coming ray of light is turned through 1800 and 
returned parallel to itself. 

31-6. APPLICATIONS 

Once the basics of optical tooling are under­
stood, the number of applications is infinitely 
large. It is a matter of marrying mechanical 
knowledge to optical experience, tackling each 
problem as it arises. A list of some common 
optical-tooling applications found in industry 
follows. 

31-6-1. Checking the 
Parallelism of Rollers 

Rollers in various types of mills must be 
exactly parallel with each other and at correct 

heights. To check for parallelism, establish a 
control line parallel to the machine axis, in a 
location where you can have a clear line of 
sight for the entire length of the machine. 
Because of the high accuracies required, this 
control line should be close to the machine, 
say, within 10 to 20 ft. The method used to 
establish this line will vary from one location 
to another. In most cases, the line would have 
been established when the machine was in­
stalled. If not, conventional surveying methods 
are employed to define it. 

After the control line has been fixed, the 
procedure for checking the roller depends on 
the equipment used. The method will be dis­
cussed for the two most commonly used in­
struments: (1) the transit square and (2) 
theodolite. 



808 optical Tooling 

Figure 31-19. Wild GAPl autocollimation prism. 
(Courtesy of Wild Heerbrugg Instruments, Inc.) 

Transit-Square Procedure 

Position the transit square on an instrument 
stand at one end of the control line. At the 
opposite end of the line, place an autocollima­
tion mirror on another stand at approximately 
the same height as the transit-square's tele­
scope axis. Point the main telescope of the 
transit square at the mirror and have a second 
person rotate the mirror until the observer 
can see the cross-hair image reflected back 
into the telescope. The observer then directs 
the person at the mirror how far and in which 
direction it has to be rotated to achieve auto­
collimation-i.e., exactly superimpose the re­
flected cross lines on the instrument cross 
lines. 

Mter autocollimation has been completed, 
a line is projected from the surface of each 
roller out to the control line. This can be 
done crudely, using a taut string. A control 
point must then be established approximately 
6 in. in front of the intersection of the string 
line and control line, in the direction of the 
transit square. The observer at the transit 

square now tilts the telescope axis down, fo­
cuses in on the area, and directs the person 
setting the point to its exact location on the 
control line. This process is repeated opposite 
every roller on the machine. 

The final step in checking the parallelism 
of the rollers begins with the autocollimation 
mirror remaining fixed in position. The transit 
square and instrument stand are moved and 
positioned over the control point on the line 
opposite the first roller to be checked. The 
transit-square's main telescope is pointed at 
the mirror with the cross telescope pointing in 
the direction of the machine. The transit 
square is autocollimated to the mirror; a scale 
held against the back edge of the roller; a 
reading taken through the cross telescope; the 
scale moved to the front edge of the roller; 
and the scale read again. If the roller is per­
pendicular to the control line, as it must be, 
the two scale readings will be the same. If they 
differ, the roller must be adjusted until the 
readings are equal. The transit square is moved 
along the control line and the procedure de­
scribed repeated. 

Theodolite Procedure 

The only difference in the method when 
using a theodolite is that after autocollimation 
to the mirror, a 90°00'00" angle is turned to 
the roller. 

31-6-2. Checking Levelness of 
a Table or Plate 

The simplest method to determine level­
ness is with a level on an instrument stand, 
taking readings to a scale or leveling staff that 
is moved over the surface. The general ap­
proach positions an instrument stand where 
the entire table or plate surface can be seen. If 
the surface to be checked is a table, place the 
level just a few inches in height above it. 
Mount an optical-tooling scale vertically in its 
holder and read the scale at different posi­
tions on the table. Adjustments can then be 
made so that when all scale readings are equal, 
the table is level. 



To check the surface of a plate, the optical 
scale used generally is much longer than the 
one employed on tables. If the plate is re­
cessed below the floor surface, an Invar staff 
similar to those utilized in precise leveling is 
suitable. 

31-6-3. Checking Flatness of a 
Rail 

To check for flatness, mount a mirror on a 
special base tripod. Let d equal the distance 
between the feet. Place the base at the begin­
ning of the rail with the feet at points 0 and 1 
(see Figure 31-20). With an autocollimation 
theodolite, point to the mirror, autocollimate, 
and read vertical circle V1• 

Move the base through d so the feet are 
now at points 1 and 2, autocollimate, and read 
the vertical circle V2• Continue in this manner, 
moving the base in steps of length d until the 
rail end is reached. 

Points 0 and 1 are assumed to be the datum 
points-i.e., height of 0 = height of 1 = O. 
The vertical-circle reading VI is the datum 
reading. Subtract all vertical-circle readings 
from V 

(31-3) 

I:lH2 _ 3 = d sin 2_ 3 (31-4) 

Height of 2 = height ofl + I:lH 1- 2 

Heightof3 = heightof2 + I:lH2 - 3 

These measurements can be highly accu­
rate. As an example, if distance d between the 
feet on the base is 200 mm (approximately 8 
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in.), an error of ± 1 sec in the vertical angle 
will result in an error of only ± 0.001 mm 
(± 0.00004 in.) in height difference. This small 
disparity would be almost impossible to find by 
direct reading on a scale. 

31-6-4. Transferring a Line to a 
Different Level 

The shipbuilding industry provides a good 
example of this operation. A line from the 
ship's bow to its stern must be transferred to a 
lower level inside the vessel. The easiest way to 
perform this task (see Figure 31-21) is with an 
autocollimation prism and optical instrument 
-e.g., a jig transit, transit square, or theodo­
lite. Line 1-2 being transferred to a lower level 
must be over a staircase or hatch, and points 1 
and 2 must be close enough to this opening so 
the next lower surface can be seen without any 
obstruction. 

The optical instrument is set up on a stand 
at point 1 and the autocollimation prism on its 
stand at point 2. Point the instrument to point 
2 so the line of sight is in the plane of the line 
to be transferred. Focus the instrument to 
infinity and sight on the prism. A second per­
son then turns the prism in the horizontal 
plane with the slow-motion screw until auto­
collimation is obtained. 

Move the optical instrument to point 3 on a 
lower level. The exact location of point 3 is 
not known at this time, but temporarily select 
a position from which the autocollimation 
prism can be seen on the upper level. Tilt the 
autocollimation axis downward (it must not be 
rotated in the horizontal plane) and view it 
with the instrument. Move the instrument lat-
=rally until autocollimation is completed by 
using the instrument's slow-motion screws. 
Mter final autocoIIimation, the line of sight is 

~.~ d l moved down and point 4 established on the 
~----~BI deck. 

. The procedure just described to transfer a 

a b 

Figure 31-20. (a) Mirror in circular mount can be placed 
in base with V-notch. (b) d is distance between the feet. 

line downward, while maintaining the re­
quired direction and same vertical plane, must 
go one step farther. A visible graduated scale 
should be on the autocollimation prism. Then, 
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Figure 31-21. Transferring a line to a different level. 

when the optical instrument at point 1 auto­
collimates to the prism at point 2, the scale 
reading on the vertical cross line can be 
recorded. Mter the instrument is positioned at 
point 3 and autocollimation finished, it has to 
be moved laterally until the vertical cross line 
is at the same position on the scale as it was at 
point 1. This process can be repeated to trans­
fer the line to lower levels. 

31-7. SUMMARY 

Optical tooling is a highly specialized and fas­
cinating area, whose theory and application 
have just been touched on here. Further read­
ing will be needed in a glossary of optical­
tooling terms, in addition to a study of perti­
nent books and instrument manufacturers' 
literature listed in the bibliography at the 
chapter's end (manufacturers' catalogs de­
scribe and offer for sale targets, cup mounts, 
reticle projectors, and numerous other items). 
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32---
Land Descriptions 

Dennis J. Mouland 

32-1. INTRODUCTION 

Land descriptions are prepared for use in vari­
ous types of deeds or documents transferring 
interests in land. They should be clear, com­
plete, and concise identifications of particular 
pieces of land. A properly written description 
describes land in a way that avoids any confu­
sion between the intended parcel and other 
parcels. Unfortunately, every professional land 
surveyor has encountered many land descrip­
tions (also called legal descriptions) that leave 
much to be desired. In fact, the history of legal 
descriptions is one of constant turmoil and 
chaos. 

Modern-day scriveners-i.e., writers of 
deeds-have a wealth of reference material 
available for use in preparing good descrip­
tions. However, mistakes are repeated and am­
biguous legal descriptions filed into the 
records systems. There is ample help available, 
but the majority of description authors are 
either inattentive or simply undertrained. It is 
therefore imperative that all persons involved 
in preparing and reviewing legal land descrip­
tions be familiar with the basics of structure, 
content, and the legal principles that sur­
round the words used in new descriptions. 
This chapter presents the principles of de­
scription writing and lists a few of the many 
published references that are helpful. 

32-2. BASIC DESCRIPTION 
STRUCTURE 

Legal land descriptions consist of three basic 
parts: (1) the caption; (2) the body; and (3) 
exceptions and/or reservations (if any), also 
called qualirying statements. Depending on the 
method employed to describe a parcel of land, 
one or more of these basic parts may be omit­
ted, but some form of "caption" is always 
required. 

The caption is a type of introduction and 
"specific-purpose statement" that sets the stage 
for a complete description. Basic background 
information and certain parameters are given; 
any calls in the body that conflict with the 
caption are nullified. For example, if a de­
scription reads "a parcel of land lying within 
the southwest quarter of section 10," then no 
portion of the ensuing content can go beyond 
that limiting factor. Statements within the de­
scription might erroneously guide the reader 
outside the southwest quarter of section 10, 
but no title is passed on those portions beyond 
the limits given in the caption. 

The caption also acts as a statement on 
what the description is intended to do. It may 
say this is a parcel of land or an easement for a 
road or perhaps a three-dimensional chunk of 
airspace. The caption also usually helps iden-

811 
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tify which type of description system the body 
uses to describe the land. An example is a 
parcel based on the public-land survey system 
(PLSS) that recites the section, township, 
range, and meridian in the caption, and then 
uses the PLSS in the body. A metes-and-bounds 
description refers to some identification of the 
area, and then says "more particularly de­
scribed as follows." This statement leads you 
into the body. There are many combinations 
of usable methods and words. These will be 
discussed in Section 32-11. 

Suffice to say the caption is an extremely 
important portion of the description and quite 
often the most ignored. All statements made 
in a description must be "filtered" through 
the caption to qualify as binding calls on the 
interest being passed on the land. 

The body of a description must be (1) a 
clear recital of all the pertinent facts to de­
scribe the land and (2) complete, without con­
tradictions to the caption or any other factors 
influencing the location. A description body 
can take on many differing forms, primarily 
depending on the description method em­
ployed. 

The exceptions and/or reservations should 
close the description. These items are some­
times referred to as "qualifying statements," 
because they can cast a completely different 
meaning on the deed's total intent. There is a 
definite difference between an exception and 
a reservation, although these words were used 
interchangeably in the past and caused a great 
deal of confusion regarding the real intent of 
the parties. The basic rule to remember is that 
an exception cuts out or removes subsequent 

Example 32-1. 

statements from the entire intent of the deed, 
whereas courts have held a reservation to be a 
portion of land included in the general trans­
fer of "fee title," but with some type of condi­
tion or special case placed on a portion of the 
transaction. Some descriptions will never need 
any qualifying statements, but writers should 
always read carefully to determine the possible 
extent of interests in land. 

An example of an exception is as follows: 
"Lot 5, section 12, except the southerly 25 
feet." Here, the fee title oflot 5 is transferred 
to the buyer, with the exception of that 
southerly 25 ft. The 25 ft still belong to the 
"grantor." In contrast, a reservation would be 
"Lot, 5, section 12, reserving therefrom the 
southerly 25 feet for an easement." This state­
ment now conveys fee title to all of lot 5, but 
places a condition on that 25 ft. The buyer or 
"grantee" must pay taxes on all of lot 5, but 
will have only restricted use of the southerly 
25 ft and must continue to allow access for the 
parties involved. 

Occasionally, a description may have an ad­
dendum of some kind after the body or other 
statements, usually called a conclusion. The 
conclusion contains less important data that 
are to be given the reader. An example is a 
statement about the acreage, or perhaps the 
county and state in which the parcel is located. 
One method used in the midwest and west is 

Said described parcel containing 20.50 acres, 
more or less, all in Morgan County, MO. 

Three sample descriptions, with the basic 
structural parts identified, are as follows: 

A parcel ofland lying within the Sangre de Cristo Land Grant, more} 
particularly described as follows: 

caption 

Beginning at the intersection ofD.S. highway 64 and State highway 3S'} 
said point being marked by a brass cap; thence north 100 feet; thence 
west 100 feet; thence south 100 feet; thence east 100 feet to the point 
of beginning; 

Excepting therefrom the easterly 35 feet that are within the highWay} 
right of way; 
Containing 0.15 acres, more or less, all in Taos County, NM. } 

body 

exception 

conclusion 
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Example 32-2. 

A parcel ofland lying in section 14, township 12 north, range 8 east,} caption 
6th PM, described as follows: 
The northwest quarter of the southwest quarter of said section 14; } body 

Reserving therefrom an easement for ingress and egress for the} 
h h h reservation grantor across t e t e westerly 25 feet t ereof. 

Example 32-3. 

A parcel of land lying within the Fort Hall Indian Reservation in} 
Bingham County, ID, described as follows: caption 

Beginning at a point that lies S21-42'-35''W, 405.22 feet from } 
USGS Triangulation Station "Hall"; thence N 15-21-30 E, 208.71 feet; 
thence N 74-38-30 W, 208.71 feet; thence S 15-21-30 W, 208.71 feet; 
thence S 74-38-30 E, 208.71 feet to the point of beginning. 

body 

32-3. DESCRIPTION SYSTEMS 

In the realm of legal land descriptions, there 
are many avenues used to describe a parcel of 
land. Often referred to as "systems" or 
"methods," they consist of the various legal 
survey processes employed in a local area, 
usually within a state. Scriveners should be 
thoroughly familiar with the methods available 
locally in past years to describe land, as they 
will influence the method used for revising a 
description today. When writing a new de­
scription, a surveyor is not at liberty to make a 
capricious decision. Quite often, confusion has 
resulted from using a different system than 
that governing the parcel's history. Thus, if a 
parcel that has been described since patent by 
aliquot parts (legal subdivisions) is now to be 
rewritten for a sale of a portion thereof, a 
change to the metes-and-bounds system will 
probably be required. However, the scrivener 
must be certain that the calls used in the 
description do not conflict with any elements 
of the original description. 

A basic discussion of each major description 
system is necessary to help define their param­
eters and limitations. Surveyors should realize 
that some systems are not available in certain 
areas of the country. The seven m~or descrip­
tion systems are (1) metes and bounds; (2) lot 
and block; (3) portion of another parcel("ly"); 

(4) legal subdivisions; (5) reference to a map, 
plat, or deed; (6) coordinates; and (7) strip. 

32-4. METES-AND-BOUNDS 
DESCRIPTIONS 

The metes-and-bounds system is the most 
widely used method for describing land. The 
terms come from Old English law and custom. 
"Metes" refers to the directions and distances 
that were measured (or meted) out around the 
parcel. "Bounds" refers to a call in the de­
scription for a certain ad joiner. Such a call 
could be for another landowner, an adjoining 
deed, a previously established line, or a physi­
cal monument that helps to define the parcel. 
A metes-and-bounds description usually takes 
the reader around a piece of land by citing a 
bearing (or direction) and then a distance, 
and will call for various important facts along 
the way to aid in clarifYing where that bound­
ary is truly located. As an example, Smith 
currently owns all three parcels shown in Fig­
ure 32-1, which she purchased from Childers. 
The description that was used in the warranty 
deed between them reads as follows: 

A parcel of land within the City of Anywhere, FL 
described as follows; BEGINNING at a city brass 
cup marking the intersection of the centerlines 
of Main Street and First Street; thence N38W 
along the centerline of Main Street 105 feet; 
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thence N52E 25 feet to the northerly line of 
Main Street, being the TRUE POINT OF 
BEGINNING: Thence continue N52E 100 feet to 
a half-inch iron bar; thence N38W 225 feet to a 
I-inch iron pipe; thence S52W along the Ott 
property as shown in deed recorded in Docket 
175, page 201, a distance of 100 feet to a cross 
(" + ") on the sidewalk, said point being on the 
northerly line of Main Street; thence along the 
northerly line of Main Street 225 feet to the 
TRUE POINT OF BEGINNING. 

There are several important facts to be con­
sidered while analyzing this deed. Certain calls 
and facts included in this description help to 
ensure that future problems will not arise. 
First, there are specific bearings and distances 
all the way around the property. Second, 
whenever a monument is available, it is called 
for in the description. This maintains the de­
scription's integrity even if a future survey 
finds the bearings, distances, or both to be in 
error. The deed is very clear that the parties 
involved intended the parcel to go to the 
monuments, and not just held at a distance 
that may have been arrived at without benefit 
of a survey. Finally, the "bounds" calls for 
"the northerly line of Main Street" and' 'along 
the Ott property ... " also aids in avoiding 
conflicts with the neighbors. (The "neighbors" 
can be a person or a city street.) In eastern 
states and some other areas to a certain ex­
tent, a metes-and-bounds land description may 
not contain any bearing and distance informa­
tion. They were very simply written descrip­
tions, but sometimes are extremely difficult to 
locate on the ground or determine whether 
any conflicts exist. If the same parcel in Figure 
32-1 had been written in this manner, it would 
read: 

Bounded on the southeast by Sutton, on the 
northeast by Lopez, on the northwest by Ott, 
and on the southwest by Main Street. 

(It is highly recommended that modern-day 
use of this pure bounds or ad joiners type of 
description be avoided. Voluminous research 

is required of the everyday user, who is usually 
untrained in such matters.) 

Continuing a discussion of Figure 32-1, as­
sume that Smith decides to sell the southeast­
erly "third" to Roeder and describes a parcel 
75 by 100 ft, using the same elements as noted 
in the deed from Childers. Next, suppose 
Smith decides to sell another piece, this time 
to Jones. The scrivener must remember that 
the new description to Jones should not in any 
way conflict with the deed description Smith 
originally obtained from Childers. Further, 
there should not be any conflicts with the land 
already sold to Roeder. If there are specific 
places or monuments that control the line, 
they should be called for-i.e., a 24-in. oak 
tree at a corner. If the northeasterly line is to 
be a specific distance, then do not refer to the 
oak tree. If the oak tree was mentioned in the 
deed to Roeder, then it must be specified in 
the deed to Jones or else a conflict could arise, 
especially if a future survey revealed that the 
24-in. oak tree was not 75 ft from the t-in. 
iron bar or even on the line against Lopez. 

A surveyor with proper training, paying 
strict attention to historical details of the ad­
joiners' land descriptions, can use the metes­
and-bounds system to prepare very clear and 
specific descriptions. Further study in the fine 
art of these descriptions is advised. Important 
basics to remember regarding a metes-and­
bounds descriptions are as follows: 

1. Research the parcel's "description history." 
2. Research all adjoiners' description 

histories. 

3. Start from a well-described and recoverable 
point. 

4. Avoid "bounds only" descriptions. 

5. Use bearings and distances, if known. 

6. Call for monuments when available and 
applicable. 

7. Call for ad joiners, if needed to avoid 
conflicts. 

8. Use clarity but avoid verbosity. 
9. Add qualifying statements, if any. 

10. Give acreage to reasonable accuracy, if 
required and known. 



Figure 32-1. Metes and bounds. 

Also, remember that (1) the caption con­
trols the remainder of a description, (2) por­
tions of the metes and bounds that go beyond 
the limitations set forth in the caption will be 
nullified, (3) the body also has some control 
over any qualifying statements and the conclu­
sions, (4) acreage calls usually give way to the 
actual area described, and (5) reservations and 
exceptions not related to the parcel described 
will also be nullified. 

Well-written metes-and-bounds descriptions 
are not an accident, nor a product to be 
mass-produced by untrained aides, but rather 
are a well thought out and researched docu-

Land Descriptions 815 

Lopez 

24" oak 

ment giving all pertinent information in an 
organized manner. Descriptions must identify 
only one piece of land, to the exclusion of all 
others. They cannot conflict with any other 
parcels and must faithfully serve the public 
throughout the future. 

32-5. LOT -AND-BLOCK 
DESCRIPTIONS 

Lot-and-block descriptions come in mass 
forms. Most metes-and-bounds states body 
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some type of lot-and-block identification pecu­
liar to the local area. Modern-day subdivisions 
rely on a modified system, sometimes calling 
only for a lot number and the subdivision 
name or condominium project name. In por­
tions of the country where the French have 
had an influence, the "arpents" may be desig­
nated by a lot numbering system. The New 
England states have "lots and ranges," whereas 
the old Veterans' tracts were laid out with 
other forms of lot numbering. Even in the 
"rectangular" west, town sites were estab­
lished with varying forms of lot-and-block 
numbers assigned. 

One common denominator of all lot-and­
block description variations is the need for a 
map, plat, or lotting plan used in their layout. 
When preparing a new description for parcels 
located in an area that employs this system, a 
scrivener should consult the appropriate plan 
or document and be absolutely certain that 
the lot and/or block number used is correct. 
A check should be made for any duplication 
in the numbering systems that might cause 
confusion in the future. Problems can also 
arise if there is more than one copy or revision 
to a lotting plan or plat. Reference must al­
ways be made to the recording office, a date 
on the plat or plan, or even a reference to 
another fact given on the map to ensure the 
accuracy of the parcel being described. 

Lot-and-block descriptions can be very sim­
ple in form, if the precautions mentioned are 
taken. Two examples of lot-and-block descrip­
tions are as follows: 

A tract of land in Wyoming County, NY, de­
scribed as follows: lot 10, range 5, and the north­
ern half of lot 11, range 5; containing 120 acres 
more or less. 

Lot 108, Shady Deal Estates, as shown on plat 
recorded in Book 4 of Maps, page 45, Garfield 
County Records, CO. 

At times, a lot-and-block description can be 
supplemented by a metes-and-bounds descrip­
tion to help identify the parcel. But caution is 
required in the particular calls to be used, as 

the lot-and-block portion of the description 
will act as a caption and could override some 
of the metes-and-bounds calls. 

32-6. PORTIONS OF ANOTHER 
PARCEL DESCRIPTIONS 

This is a catch-all name for a description sys­
tem that can take on many differing styles. C. 
Wattles, the dean of legal descriptions, called 
these "ly" descriptions, for the simple reason 
that almost all of them have a directional word 
ending with those two letters. An example of 
such a description would be, "the northerly 
100 feet of section 12," or "the easterly half of 
lot 5." When properly researched, "ly" de­
scriptions can be very simple and still clear. 

However, using "ly" descriptions can cause 
many problems for future surveyors and title 
insurers. Problems can arise in subsequent 
surveys if the status of the adjoining deeds is 
not researched. 

Consider the situation shown in Figure 32-
2a. Lot 10, range 4 was owned by A, who in 
1978 sold the "southerly half of lot 10, range 
4." The record dimensions of the lot, based 
on the lotting plan, are 100 by 200 ft. In 1983, 
A decides to sell the remainder of lot 10. 
However, in 1982, the new owner of the 
southerly half of lot 10 had a legal survey 
made that resulted in the dimensions shown as 
measured M (Figure 32-2b). When A decides 
to sell the remainder oflot 10, he has the title 
company write a description that reads: 

The northerly 100 feet of lot 10, range 4 ... 

The writer of the new description had failed 
to consider the resurvey's effect. The westerly 
line of lot 10 was measured to be 198.00 ft, 
rather than the 200 ft of record. Therefore, 
the "southerly half' in the 1978 description 
will be placed at midpoint, or 99.00 ft from 
either corner. But the 1983 deed sold the 
"northerly 100.00 feet," which actually do not 
exist! An overlap of 1 ft on the westerly line 
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Figure 32·2. Conflicting" ly" descriptions. 

dividing the two buyers has been created. 
Basic land-law principles in this country will 
use the "first in time, first in right" approach 
to this situation. Therefore, the second buyer 
loses out. Title was already passed on that 
small sliver of land to the first buyer. 

The east line of lot 1 0 is another problem. 
Record information places the overall length 
of the boundary at 200 ft, but the survey 
revealed that it is actually 204.00 ft. The origi­
nal buyer (in 1978) acquired the southerly half 
of lot 10, which thus would be 102.00 ft in 
length. The 1983 buyer has a deed reading the 
"northerly 100 feet," so an opposite situation 
exists from that on the west. A gap or hiatus 
has been created: a sliver of land 2 ft wide and 
tapering to nothing about midway through the 
lot. Title never passed on that sliver, so in 
reality it still belongs to A, who may never 
know what has happened. The situation de­
picted in Figure 32-2 occurs often in the real 
world of surveys and description interpreta­
tion. What should have been the description 
of the second sale? One approach would be: 

The northerly half of lot 10 ... 
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In the case just discussed, this would be an 
adequate solution. A good way to describe a 
remainder in a parcel is to refer to the origi· 
nal sale, such as: 

Lot 10, range 4, EXCEPT the southerly half 
thereof ... 

It is evident that the seeming simplicity of 
the "ly" description can introduce many 
problems if it is not researched before prepar­
ing a final draft. Numerous other situations 
can arise when employing this method. An 
apparently clear representation of the parties' 
intent at the time of the sale can become very 
unclear a short time later. 

Figure 32-3 exhibits five different lots for 
which descriptions were written referring to a 
portion of the larger parcel, but the intent is 
not clear: 

1. Case a calls for the "northerly 50 feet," but 
the intent is not obvious. Perhaps a metes­
and·bounds description would be better. 

2. Case b supposedly describes the" westerly 35 
feet." But were the intentions of the parties 
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Westerly 35 ft? 

35 ' S'ly 100 feet? 
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t"-- N'ly 50 feet? 

a 

W'ly 100 feet, but how measured? 

d 

Figure 32-3. Misused "Iy." 

just a 35-ft strip or 35 ft on both the north 
and south boundaries, with a straight line 
between them? Other evidence or testimony, 
if available, might be required before a 
boundary could be determined on the 
ground. However, all the confusion could 
have been eliminated by a more strict adher­
ence to the facts and willingness to use a 
different method for description. 

3. Case c calls for the "southerly 100 feet" and 
is obviously confusing. 

4. Whenever a scrivener is working with non­
rectangular parcels of land, such as in case 
d, the line of reference must be clearly de­
fined. The "westerly 100 feet" can be mea­
sured in at least two ways. First, the call for 
100 ft might be measured along both the 
north and south boundaries, then con­
nected. Second, the 100-ft call may be paral­
lel to the west boundary. Again, the parties' 
intentions must be clearly expressed in the 
description. 

(?/ ./ 
\~ 

b 

8 - c 

PC 

Northerly 25 feet? 

e 

5. Finally, case e shows northerly 25 ft or a lot, 
but does not explain how to deal with the 
curve. Should the line follow the curve and 
thus become a portion of the westerly 25 ft 
also? Or was the intent to run the new line 
parallel to the northerly line, and extend it 
through the curve to an intersection with 
the exterior lot line? These factors and other 
possible ramifications must be considered. 

Land descriptions containing "ly" wordings 
can also be compounded. Figure 32-4 shows a 
parcel effectively described by compounding, 
as follows: 

A parcel of land located in the city of Prescott, 
AZ, more particularly described as follows. 

The north 100 feet of the east 100 feet of tract 4, 
block 5, of the original townsite of Prescott, 
containing 0.23 acres. 



Again, in Figure 32-4, assume that the owner 
of the 0.23 acres decides to sell the north half 
thereof. The scrivener can go back to the 
previous deed and simply add to it by writing, 
"the northerly half of the north 100 feet of 
the east 100 feet of tract 4, block 5, ... " An­
other variation sometimes employed refers to 
another deed or a plat and compounds 
thereon. For example, a description might 
read, "the northerly 200 feet of the westerly 
50 feet of that parcel described in the deed 
recorded in page 10094 of the County 
Records." 

This is convenient, but all pertinent facts 
must be considered. Some scriveners do not 
like this method, because it requires a reader 
to depend on another document that may not 
be available or is difficult to attain. TIle -avail­
ability of "referred to" documents should be 
considered before employing this method. 
Anyone not familiar with the use of any varia­
tion of "ly" descriptions should consult the 
reference sources at this chapter's end. 

32-7. LEGAL SUBDIVISIONS 

Since the late 1700s, a system of land survey 
and description, the public-land survey system 
(PLSS), has helped to shape the majority of 
the United States. The method of describing 
land within that system is referred to as "legal 
subdivisions," "aliquot parts," or "rectangu­
lar" descriptions. The PLSS is used in all but 
the 20 metes-and-bounds states: Maine, New 
Hampshire, Vermont, Massachusetts, Con-

__ -----------600' 

N'ly 100' 
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necticut, Rhode Island, New York, New Jersey, 
Pennsylvania, Maryland, Delaware, Virginia, 
West Virginia, Kentucky, North and South 
Carolina, Tennessee, Georgia, Texas, and 
Hawaii. 

The states listed primarily rely on metes 
and bounds, lot and block, and "ly" descrip­
tions. Texas was under the influence of the 
Spanish for many years, and at the time of 
acquisition by the United States, the private 
lands had already been substantially divided 
and described under a Spanish version of the 
metes-and-bounds system. Therefore, Texas 
was not included within the PLSS. Some por­
tions of the state are divided into a rectangular 
system similar to the PLSS, but many legal 
aspects differ from the PLSS. Sections based 
on railroad surveys and the like should not 
be confused with the system being described 
in this chapter. Such descriptions are closer 
to the lot-and-block descriptions discussed 
earlier. 

Ohio was the original testing ground of the 
PLSS, so there are several differing systems 
within the state. This situation requires the 
surveyor and scrivener to be very well versed 
in the system applicable to that particular area. 
Many significant changes were made in the 
rectangular methods during the early years in 
Ohio. This portion of the chapter deals only 
with the other rectangular (PLSS) states. The 
varying methods used in Ohio are complex, 
and the reader is advised to seek other refer­
ences on the subject. 

The public-land survey system is based on a 
rectangular grid extended out over a large 

----Tract 4---------f-4L4.....-""'""-""-"-"I 

N'ly 100' of 
the E'ly 100' 

Block 5 

Figure 32-4. Compound "ly'" 

E'ly 
100' 
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area, sometimes more than one state. Chapter 
30 describes the basic system, so this discussion 
assumes that the reader is familiar with PLSS 
terminology. Laws and regulations governing 
the PLSS have been spelled out over the years 
in various government manuals, the most re­
cent being the Manual of Instructions for the 
Survey of the Public Lands of the United States, I 
hereafter referred to as the 1973 manual. This 
publication is produced by the Department of 
the Interior, Bureau of Land Management 
(BLM), the present-day successor to the Gen­
eral Land Office (GLO). A thorough under­
standing of PLSS methods and terms enables a 
scrivener to easily describe land. 

Figure 32-5 depicts a normal township of 
land with 36 sq mi (sections). Notice that call­
ing for "all of section 12, toWnship 21 north, 
range 7 east, Gila and Salt River meridian" 
identifies a section of land that cannot be 
confused with any other. Figure 32-6 shows 
section 26 and its principal corners in that 
same township. The section is divided by east­
west and/or north-south lines into approxi-

mately equal (or aliquot) parts. Each of these 
aliquot parts is now also easily described. Par­
cel A is properly described as the "southwest 
quarter" of section 26; parcel B, the "north­
west quarter of the southwest quarter of sec­
tion 26." The system can be broken down 
further into parcel C, which is the "north half 
of the northeast quarter of section 26," etc. 
This method of using quarters of quarters, and 
so on can be employed to describe a parcel of 
land down to 2t acres. Parcel D is "the south­
east quarter of the southeast quarter of the 
northwest quarter of the northwest quarter of 
section 26, T.21 N., R.7 E., GSRM." The com­
plete legal description of parcel E would read 
as follows: 

The south half of the northeast quarter of the 
southeast quarter of the southeast quarter of 
section 26, township 21 north, range 7 east, Gila 
and Salt River meridian. 

This last description identified a 5-acre par­
cel of land, without conflicts with any ad joiner. 

Township 21 North, Range 7 East, GSRM 

36 31 36 31 

1 6 5 4 3 2 1 6 

12 7 8 9 10 11 ~® ~ffi} 
7 

13 18 17 16 15 14 13 18 
(T.21 N., R.6E) (T.21 N., R.8E) 

24 19 20 21 22 23 24 19 

25 30 29 28 27 26 25 30 

36 31 32 33 34 35 36 31 

6 5 4 3 2 1 
(T.20 N., R.7E) 

Figure 32-5. Typical township. 



32-7 -1. PLSS Abbreviations 

A method of abbreviating those somewhat 
long and monotonous descriptions has been 
developed. Again if we refer to Figure 32-6, 
parcels A through E, governed by the Gila and 
Salt River meridian, are properly described as 
follows: 

Parcel 

A 

B 

c 

D 

E 

Legal Description 

SWI/4Sec. 26, T.2IN., 
R.7E., GSRM. 

NWlj4 SElj4 Sec. 26, T.21N., 
R. 7E., GSRM. 

Nl/2 NEl/4 Sec. 26, T.21N., 
R.7E., GSRM. 

SEl/4 SElj4 NWl/4 NWl/4 
Sec. 26, T.21N., R.7E., GSRM. 

SI/2 NElj4 SEl/4 SElj4 Sec. 26, 
T.21N., R.7E., GSRM. 

An important word of caution: Misplace­
ment of commas in these abbreviated forms of 
legal subdivisions can be disastrous. The rule 
is as follows: Use of a comma ends the land unit 
being described, and starts another unit. 

If parcel B in Figure 32-6 is written as 
"NWI/4,SEI/4," this includes both the 
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Figure 32·6. Sec. 26, T.21N, R.7E, GSRM. 

northwest quarter and southeast quarter of 
section 26, a total area of 320 acres. However, 
the intent was to sell off only a 40-acre parcel, 
the NWt of the SEt. If Smith decided to sell 
Jones both parcels A and B, the description 
would read: 

The southwest quarter, the northwest quarter of 
the southeast quarter, in section 26 ... 

This could be abbreviated as follows: 

SWl/4, NWl/4 SEI/4 Sec. 26, T.21N., R.7E., 
GSRM. 

Another point to remember is that men­
tioning the meridian on which the description 
is based is always required. Many states under 
the PLSS have more than one meridian, so the 
scrivener must always check and include the 
meridian name or number to avoid creating 
an erroneous deed. 

32-7-2. Irregularities in the PLSS 
The public-land survey is extremely com­

plex and not completely understood by many 
practicing land surveyors. Several irregularities 
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exist that must be dealt with to avoid future 
errors in deed and description interpretation. 
Whenever any rectangular parcel of land was 
"invaded" by a nonrectangular boundary, 
parcels were created that could not be de­
scribed by aliquot parts. At least one boundary 
of the parcel would not conform to the rect­
angular scheme. These parcels are called 
"lots" or "government lots," and they differ 
from any other form of lot mentioned earlier 
in this chapter. The terminology must be kept 
clear when dealing with more than one type of 
lot in a single description. Some of the situa­
tions that create lots are listed as follows: 

1. Aliquot parts invaded by nonrectangular 
parcels: 
(a) Land grants 
(b) Military reservations 
(c) Indian reservations 
(d) State boundaries 
(e) National Park boundaries 
(f) Mineral surveys (lode, placer, mill site) 
(g) Town sites 
(h) Homestead entry surveys 
(i) Small holding claims 

2. Meander lines: 
(a) Rivers 
(b) Lakes and islands 
(c) Oceans 
(d) Some swamps and tidelands 
(e) Other fractional lines within a township 

3. Certain township exteriors: 
(a) North and west exteriors in normal 

township 
(b) Any exterior, if township surveyed irreg­

ularly 
4. Anywhere in township after a dependent 

resurvey: 
(a) Lines found to be more than 21 min 

from "cardinal" 
(b) Distances found to be "out of limits" 
(c) Area of parcel found to be "out of lim­

its" 

5. Anywhere in a township invaded by a tract 
created in an independent resurvey 

The preceding list proves that the author of 
a new PLSS land description must be very 

familiar with the survey history of the township 
and section in which a parcel is located. All 
records of original and subsequent surveys of 
the GLO and BLM are available in a "public 
room" at each BLM state office. Occasionally, 
these records are housed by other federal or 
state offices or possibly the county surveyor's 
office. The PLSS record system is also a rather 
complex system, so be sure all the records 
available for a certain township have been 
consulted. The GLO /BLM often created 
-and still does create-supplemental plats 
that may rename certain parcels or create new 
lots that differ from the original survey plat. 
The effects of dependent and independent 
resurveys are discussed later. 

The most common location of lots is along 
township exteriors, normally along the north 
and west boundaries. The reason for these lots 
was to throw any excess or deficiency in the 
surveys against these boundaries. Hence, a lot 
is not truly an aliquot part and should not be 
descried as such. Government lots were as­
signed numbers at the time of their creation 
and follow certain rules in their numbering 
pattern. 

Figure 32-7 shows the northern tier of sec­
tions in a normal township. Sections 1 through 
5 contain four lots each, with the numbering 
system starting over again in each section. A 
lot was never supposed to be part of more 
than one section. The numbers "80" in the 
southerly portions of the northwest and north­
east quarters of these sections serve as re­
minders that those parcels are aliquot. But the 
lots are not aliquot and can vary in acreage 
significantly from an aliquot part. 

Section 2 does not technically contain a 
northwest quarter of the northwest quarter. 
There is no such aliquot part in section 2. This 
parcel ofland should be referred to as "lot 4, 
section 2." It is correct to say that section 2 
has a NWt. The south half of the NWt exists 
and contains 80 acres. Section 6 has a differ­
ent situation because it lies against both the 
north and west boundaries of the township. 
Lot 4, section 6 could vary significantly from 
40 acres. Lots generally can range anywhere 
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Figure 32-7. North boundary of a township. 

from 5 to 50 acres. Therefore, it is not proper 
to call for the NW t NW t of section 6. Figure 
32-8 presents several plats with other lotting 
situations. 

Surveyors in Ohio must be aware that lot­
ting was not used in most areas of the state. It 
was a later invention of the GLO. Description 
preparers should be familiar with the time 
period under which the original government 
surveys were performed in their particular lo­
cale. The original manual underwent many 
changes and variations through the years. Sur­
veys and plats based on one manual will differ 
from those done under the next. An excellent 
discussion of the changes through the years 
between manuals was written by J. G. McEn­
tyre in Land Suroey Systems.2 

The GLO and later the BLM conducted 
many dependent resurveys to reconstruct the 
original survey onto the ground, replacing lost 
corners according to the manual, and resur­
veying the lines. Plats were created that dis­
played the new measured bearings and dis­
tances of the section lines. Once land has 
gone to patent (the government term for 
"deeded to a private citizen"), the govern­
ment cannot change the location or relative 
size of the patent. In federal circles, this is 
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called "protecting the patent" or "bona fide 
rights. " 

When a normal 640-acre section was found 
to be significantly different from the record, 
the GLO jBLM would lot the remaining gov­
ernment land in a section. The basic rules are 
that if any boundaries of the township or sec­
tion are found to be "out of limits," a lot 
would be created in place of the aliquot part 
previously shown. Figure 32-9 illustrates such a 
case. Section 3-34 of the 1973 manual dis­
cusses this principle. 

32-7 -3. Independent Resurveys 

Independent resurveys are being treated 
separately here to emphasize that whenever a 
description is being written in a township 
where any such resurvey has been conducted, 
there is a good possibility the parcel being 
described has received a new "name" from 
the government. This does not mean that the 
location or relative size of the patent has 
changed, but the description has. This entire 
subject is a great mystery to most land survey­
ors. Actually, many cases have arisen where 
private lands within an independent resurvey 
have been erroneously run by a private land 
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surveyor, thereby creating significant trespass 
and liability. 

The purpose of an independent resurvey is 
to restructure the sections within a given town­
ship, without regard to the original survey. 
The need arises when the government discov­
ers a township was originally poorly surveyed 
and the existing lines are very distorted. Also, 
when insufficient evidence remains from the 
original survey, independent resurveys provide 
a solution to land locations. 

Before an independent resurvey is carried 
out, the government is required to protect any 

Mining Claims 

I 2 
160 a. ~ 

13 4 

---sec; 36-1--
80 a. I 5 I 40 a. 

~l~ 6~91 

(b) 

River 

(d) 

patents or other private land interests within 
the township. These parcels are segregated 
from the new section patterns. It would be 
unfair and illegal for the government to survey 
the patents according to their original descrip­
tions but then ignore the original survey. 
Therefore, the process includes surveying all 
private land in-holdings according to survey 
evidence under which the patent was issued. 
This procedure is called "tracting out." 

Figure 32-10 shows a portion of a township 
where an independent resurvey has created 
tracts from lands previously described as 
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Figure 32-9. LOlting dislOrted sec­
tions. 
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Figure 32-10. Results of tracting in an independent resurvey. 
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aliquot parts. Plat A depicts the original sur­
vey. A patent was issued on the NWt and NEt 
SW± of section 10. The independent resurvey 
will first locate the patent by the original sur­
vey and description, using the remaining orig­
inal evidence. Mter surveying and monument­
ing this tract, the original survey is ignored 
and a completely new network of sections cre­
ated. Again, the patent has not changed loca­
tion on the surface of the earth, nor has it 
changed in relative size from what it always 
was intended to be. Tract numbers begin after 
the highest section numher in the township. 
In most cases, the first tract will he 37, as there 
are 36 sections is a normal township. Note that 
tracts are usually restricted to one township 
only. 

A problem arises when a description is be­
ing prepared or a survey is to be run for a 
piece of land that has heen tracted, and the 
scrivener must research the survey history to 
avoid writing an incorrect description. If we 
refer again to Figure 32-10, to write a new 
description for a portion of the NW± of sec­
tion 10, the dates of the patent and resurvey 
must be compared. On virtually all patents 
issued by the federal government, the patent 
description includes the words, "according to 
the official plat of the survey of the said lands, 
returned to the General Land Office by the 
Surveyor General. ... " Therefore, the plat 
and survey cannot be ignored. If a portion of 
the NW± of section 10 is being sold and a 
description is drawn up reading, "the Nt NW ± 
section 10...," this description probably 
refers to the old section 10, which would lie 
within the created tract 37. Thorough re­
search will help to identifY such potential cases 
and resolve them. Because the remaining tracts 
do not conform to the newly created rectangu­
lar scheme, lots will appear in the areas af­
fected. 

Two methods are available to properly de­
scribe such a parcel: (1) Use a metes-and­
bounds description to describe any subsequent 
divisions of the parcel or (2) add the words, 
"according to the official plat dated May 4, 
1881." The latter allows a writer to employ the 
same aliquot parts description used in the 

patent to avoid confusion. The second method 
creates one problem by not giving signals that 
the area has been affected by an independent 
resurvey. The independent resurveys create 
unusual cases and scriveners must be aware of 
the nature of the surveys and lands being 
presently described. 

32-7 -4. Nonrectangular Units in 
the PLSS 

Although the PLSS is basically a rectangular 
system, a few units of land that were patented 
by the government did not conform to the 
rectangular grid. Included are the items men­
tioned in Section 32-7-2. Discussing each of 
them will clarifY procedures on writing de­
scriptions for lands that are subsequently sold 
within these nonrectangular parcels. 

Land grants, or private land claims, were 
usually large units of land on which the gov­
ernment issued patents for special purposes. 
In the east and midwest, many military or 
veterans' grants were created; the west con­
tained Spanish or Mexican land grants (some­
times referred to as ranchos). Descriptions 
within these grants are usually in the metes­
and-hounds style, except in New England, 
where lots and blocks were devised. 

Basically, the same history lies behind mili­
tary and Indian reservations. Large parcels of 
land were set apart from the public domain 
and excepted from the rectangular survey net. 
Some reservations in the west are now being 
divided into townships and sections by the 
BLM. 

Two other non rectangular land units ap­
pearing frequently in the west are the home­
stead entry survey (HES) and mineral survey 
(MS). The HESs were surveyed independently 
of the rectangular grid and therefore cannot 
be described by aliquot parts. The HES was 
not supposed to exceed 160 acres. When land 
transactions are made within the HES, the 
official HES number should always be called 
for, and then a metes-and-hounds description 
prepared for the new unit. When describing 
an entire HES, the HES number is sufficient, 



but citing the township and range, if estab­
lished, and the meridian is helpful. There are 
a few cases where the same HES number was 
issued to two different parcels of land. 

There are a number of cases where HES 
lands partly or entirely conformed to the rect­
angular system. The scrivener should be aware 
of this from the records research and watch 
for any conflicts made in the past by adjoining 
deeds, whose authors were not aware of the 
facts. 

Mineral surveys are a different matter. Sur­
veyors should become familiar with the basics 
of mineral surveys covered in Chapter 29. 
Patent was issued by an MS number, with the 
official plat referred to in the patent. Mineral 
surveys do not usually conform to the rectan­
gular system. Lode claims were to be parallel 
to the discovered vein of ore. Placer claims 
normally run parallel to the stream involved. 
Mill sites could be just about anywhere. If a 
description is being written for any mineral 
survey in total, reference to the MS number is 
adequate. 

As with the RES, a reference to the town­
ship, range, and meridian, if known, further 
defines the parcel. In numerous cases, the 
same MS number was issued to more than one 
claim at opposite ends of the state. A new 
description written for the sale of a portion of 
a mineral survey written by metes and bounds 
will suffice. Care is required, as with any 
metes-and-bounds description, to make the 
correct calls for lines, monuments, and any 
other factors that will help to properly define 
the parcel. In areas of concentrated mineral 
surveys, surveyors and title officers must recog­
nize the possibility of overlapping claims. Re­
search of patent dates may help to resolve 
which claim has senior rights to patent, but 
not necessarily rights to the minerals. That 
subject requires a great deal of expertise in 
mineral law. 

In summary of the PLSS as a whole, a 
description writer should realize that the ap­
parent simplicity of the system is misleading. 
The PLSS is very complex and still has some 
questions waiting to be answered by the courts. 
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Research of the survey and description history 
is essential. Familiarity with the terms and reg­
ulations in the 1973 manual is vital. Every 
BLM state office is available for assistance. 

32-8. REFERENCE TO A MAP, PLAT, 
OR DEED 

This chapter has already briefly mentioned 
these types of legal description. Many times, a 
scrivener can describe a parcel of land by 
simply referring to another document of pub­
lic or quasi public record. A basic principle of 
land law states that whenever a deed calls for a 
survey, map, plat, or another deed, the called 
for item becomes a part of the new deed, as if 
written on the deed itself. This method is safe 
if the record item referenced is a correct call 
and there are no conflicting calls in the item. 
Again, the duty of a historian-to research the 
descriptions and surveys of lands adjoining 
this parcel-is assigned to be description 
writer. A part of the duties of a description 
author is to avoid the perpetuation of error. If 
an error was made, such as a bad call in 
another deed or document, it should not be 
carried on into the future by referencing that 
error in the new document. Three examples 
of descriptions are presented that refer to 
other documents. The scrivener has already 
made a reasonable attempt to research the 
facts and determined that no errors or con­
flicts exist in the record instruments. 

Example 324. "All of lots 3, 4, 5, and 9 of 
the Greenlee addition to the town of 
Springerville, AZ, as shown on the map 
thereof recorded in the Apache County 
Records." 

Example 32-5. "The northerly 25 feet of lot 27 
of the EI Dorado subdivision, Santa Fe 
County, NM, as shown on the official 
recorded plat thereof." 

Example 32-6. "All that land described in deed 
recorded in Book 25, page 99 of the 
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Beaverhead County Records, EXCEPT the 
southerly 100 feet thereof; and RESERV-
1NG therefrom the westerly 50 feet for an 
easement to the grantor." 

32-9. COORDINATE DESCRIPTIONS 

Parcels of land can also be described by using 
various forms of coordinate descriptions. A 
rectangular coordinate pair is assigned to each 
corner of the parcel. Many towns, cities, and 
counties have established local coordinate sys­
tems that are well established and monu­
mented, and of course should be of public 
record. In the western United States, some 
large tracts of land-i.e., Indian reservations 
and land grants-do not have a local system of 
coordinates for ties, but the state plane coor­
dinate system can be utilized. Basic factors to 
remember in using coordinates in a legal de­
scription are as follows: 

1. Define the coordinate system clearly. 

2. Always give coordinates in the same order 
(north, east). 

3. Describe coordinates in sequential order 
around the parcel. 

4. Use other calls as required. 

5. State whether the values given, if any, are 
grid or ground distances. 

There are some variations available to the 
scrivener. A parcel can be described by metes 
and bounds tying only the point of beginning 
to a coordinate system. Bearings and distances 
can be called for, as well as monuments, plus 
the coordinates. Make certain that the critical 
call is not being supplanted by other calls 
intended only as secondary information. Coor­
dinate systems can give way to other calls, 
especially calls for monuments. 

One drawback to this method is the lack of 
expertise in geometry (or spherical geometry) 
on the part of non surveyors. Although coordi-

nates are becoming more fashionable, a 
scrivener should consider all available meth­
ods and select one that will best serve the 
public. Two sample descriptions using the co­
ordinate method follow: 

A parcel of land located within zone 5, of the 
California State Plane Coordinate System, more 
particularly described as follows: 

The point of beginning having coordinates of 
N 605,456.890, E 235,998.450; thence to a point 
having coordinates N 605,288.004, E 235,999.852; 
thence to a point having coordinates 
N 605,285.354, E 236,544.597; thence to the 
point of beginning. 

A parcel of land located in the west zone of 
the Arizona State Plane Coordinate System, more 
particularly described as follows: 

BEGINNING at a point with values of 
855,984.221 N, and 345,562.553 E; thence north 
1000 feet to a point with values of 856,982.008 N, 
and 345,562.578 E; thence west 250.00 feet to a 
point with values of 856,982.015 N, and 
345,312.657E; thence SI4-02-10E 1030.77 feet to 
the point of BEGINNING. 

The above description using ground dis­
tances, and containing 2.86 acres. 

32-10. STRIP DESCRIPTIONS 

Strip descriptions are used for parcels of land 
running in a "strip," usually controlled by 
centerline data. This is particularly suited for 
rights of way and easements. A scrivener deal­
ing with strips of land for these purposes must 
know whether the acquisition is going to be in 
"fee" or just a limited interest. This factor 
should also be considered when researching 
description history. Often, descriptions of ad­
joiners ignore a strip easement by using calls 
to the centerline, thereby perpetuating confu­
sion. An example of a strip description follows: 

A strip of land 50-feet wide, 25 feet on each side 
of the following described centerline: 

Beginning at a point on the south line of 
section 4, township 15 north, range 6 west, PMM, 
being 258.91 feet west of the southeast corner of 
said section 4; thence N15°25'W 1000 feet; 



thence N27"16'E 431.ll feet to a point on the 
north line of the SE 1/4 SE 1/4 of said section 
4, being 320.00 feet from the south 1/16 comer 
of sections 3 and 4. 

Because of certain situations, or as a result 
of the land ownership pattern, a strip de­
scription may use a "survey line" rather than 
centerline for the metes-and-bounds portion 
of the body. For example, 

A strip of land lying 20 feet north and 35 feet 
south of the following described line: ... 

A precaution should be noted if the strip 
being described changes directions signifi­
cantly. A call for "north and south" of the 
line described may no longer be true if the 
referenced line turns to the north or south. 
Another method used in strip descriptions 
places the entire strip on one side of the 
referenced line. An example of this would be: 

A strip of land 30 feet wide, the northerly and 
northeasterly line of which is herein 
described; ... 

Occasionally, a strip description may refer 
to stationing (see Chapter 25) by relating to 

a (not included in description) 

FIgUre 32-11. Strip descriptions. 
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various factors along the line. Stationing could 
be employed in the following manner: 

A strip of land 66 feet in width, 33 feet on each 
side of the following described line; 

Beginning at a point on the westline of 
Homestead Entry Survey No. 401, being SI5°-
37'W, 245.88 feet of comer no. 5 of said HES, 
and being given an engineer's station of 0 + 00; 
thence N88°55'30"E to station 4 + 53.77; thence 
through a tangent curve, concave to the south­
west, having a central angle of 30°, and a radius 
4969.77 feet to station 7 + 28.90; thence 
S61°04'30"E to station 14 + 34.21, being on the 
east line of said HES No. 401, and bearing 
S4°34'E 100.00 feet from corner no. 2 of 
HES 401. 

Stationing in a description is acceptable but 
sometimes not desirable, because the average 
person reading a deed will not be familiar with 
it. Subtracting one station from the other does 
not always give the described distance-use of 
negative stations and/or station equation can 
change the situation significantly. 

Several problems can arise in using the 
strip description. Figure 32-11 presents two 
cases: (1) when a curved centerline intersects 
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the property line on which the strip is to 
terminate and (2) when the described center­
line ends on a line that is not perpendicular 
thereto. The strip description caption says the 
strip is on each side of this line, but the line 
described ends at the property line as shown. 
The small tracts noted as a and b have been 
omitted from the description but were in­
tended to be included. One common method 
includes a statement at the end of the metes­
and-bounds description of the centerline, such 
as: 

... The sidelines of said described strip being 
shortened or elongated to meet the property 
lines of the grantor. 

When a strip description makes angle point 
at a property line and then continues into 
another parcel, the use of exceptions is advis­
able to be certain that the desired parcel is 
properly described. Figure 32-12 shows such a 
case. The areas designated band c must be 
dealt with. Area b will probably be needed for 
the strip, but might not be acquired from the 
correct owner. On the other hand, c really is 

Figure 32-12. Other strip descriptions. 

of no use to the strip but will be included 
unless excepted. Be certain that these parcels 
are being excepted or acquired from the cor­
rect owner. 

As was mentioned, strip descriptions can be 
written to cover a right of way or an easement 
across multiple parcels with differing owners. 
Often, the caption will read, "any portion of 
lot 12, range 4, of the Warren Military Heroes 
Grant, which lies within the following descrip­
tion, which is a strip of land 30 feet wide, 15 
feet on each side .... " Highway departments 
as well as utility companies resort to such 
methods so they can use the same strip de­
scription wording on dozens of deeds, without 
having to specifically address how the strip 
intersects with each intermediate property line. 
Although this procedure can save many hours 
of computations during the acquisition stage, 
it does not give the future surveyor or title 
agent a definite idea of how much land is 
involved, or where the strip is precisely located 
on anyone parcel. 

One other important point should be made 
regarding "blanket easements." These are very 

c 

/ 
- oJ -----



loosely written easements to identifY which 
parcel of land is subject to the acquisition. The 
actual strip location is not given. 

A strip of land 200 feet in width for the purpose 
of an electric transmission line, over and across 
the NW 1/4 of section 18, T.1S., R.29W., 6th 
PM. 

The use of such a nebulous strip descrip­
tion should be avoided, again because of the 
great disservice to the public and future land 
owners. The blanket easement should be em­
ployed only in rare cases, where there is abso­
lutely no survey control available, and the 
boundaries of the land being crossed are com­
pletely indiscernible. 

32-11. COMBINING DESCRIPTION 
SYSTEMS 

Notice that throughout the explanations of 
the various description systems, a scrivener can 
decide to describe land using more than one 
method. However, it will require the writer to 
be even more careful of the manner in which 
calls are used. Remember the caption's 
"power." By using one method in the caption 
and another in the body, certain conflicts can 
arise that may change the parties' original 
intent. For instance, a description may use the 
PLSS in the caption but then employ the 
metes-and-bounds system for the body. Any 
portion of the body that in fact strays beyond 
the aliquot parts mentioned in the caption 
would be voided. 

Another consideration is in order: Mixing 
systems within the body can be dangerous. 
Although information available may be frag­
mented and from several types of description, 
the scrivener should strive to employ the same 
description method in the body. Jumping back 
and forth between metes and bounds, the 
PLSS, coordinates, or references to other 
deeds can be extremely confusing. Some 
important data may be omitted from the de-
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scription. A well-written metes-and-bounds 
description can employ varying methods in 
very limited ways and still succeed when the 
scrivener uses good judgment. 

When researching description histories, find 
out how the land was described previously in 
order to avoid creating any new conflicts. For 
example, assume that a parcel of land was 
originally patented as the SEi- SEi- of section 
34. When the owner decides to sell the entire 
parcel, in most cases it is best to describe the 
land in exactly the same way. If the scrivener 
were to rewrite the description in a metes­
and-bounds format, based on the original plat, 
it would probably read as follows: 

Beginning at the southeast corner of section 34, 
T. lO, N., R.5W., PMM, thence north 1320 feet; 
thence west 1320 feet; thence south 1320 feet; 
thence east 1320 feet to the point of beginning. 

To the novice, this may seem acceptable, 
but many problems were introduced. Assume 
that Figure 32-13 is the result of a survey made 
25 yr after the metes-and-bounds description 
was created and the section found to be irreg­
ular. The law says the original undisturbed 
monuments will forever fix the section limits. 
The metes-and-bounds description does not 
agree with the actual shape of dimensions of 
the SEi- SEi-. It would be easy to decide that 
the intent was to follow the lines of the aliquot 
parts, but the deed does not say that. Perhaps 
the same grantor owned some adjoining lands, 
and his or her intent was not to follow the 
section lines. Any assumptions made as to the 
intent of parties long gone are merely guesses. 

Confusion could have been eliminated if 
the new description followed the same system 
used to describe the patent, which was the 
aliquort parts of a section, if this was the 
intent of the parties. Also, other calls in the 
metes-and-bounds portion of the body could 
have prevented the chaos. The words, "thence 
north, along the section line, 1320 feet to the 
south 1/16th corner. .. " would have made 
the intent obvious. Here, calls for bounds clar­
ifY the intent. The section line and 16th cor-
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North Y4 corner 

West Y4 corner CY4 

I 
/ 

East Y4 corner 

/ Intended, but 
/ not described? 

___ SEX,/ / 
Not intended, ~~,_..:o;.._~ 
but described 

Land descri 
by metes-and-bounds 

South Y4 corner 

East 2700 I Southeast section corner 

Sec. 34, T. 10 N., R. 5 W., PMM. 

Figure 32-13. Combining description systems. 

ner are called as bounds and therefore control 
over the distances and bearings given. 

The opposite situation can also result when 
changing a metes-and-bounds description into 
an aliquot parts description. This is rarely suc­
cessful, but often attempted by deed preparers 
willing to assume intents. The main point of 
this discussion on changing description sys­
tems in the course of the parcels description 
history is that unless the scrivener is fully versed 
in the relationships of calls and evidences on 
the ground, an erroneous deed is in the 
making. 

32-12. EFFECT OF STATE LAWS 

Mter discussing the many systems or methods 
available to describe land, a general statement 
regarding the effect of myriad volumes of state 
laws is pertinent. When lands passed from the 

"sovereign," or the government, the laws and 
rules controlling the survey of private lands 
changed. The federal government no longer 
had jurisdiction over those lands, except where 
they were intermingled with remaining federal 
lands having public-domain status. Some states 
use the 1973 manual as an integral part of 
their laws. Others created their own sets of 
laws to set a lost corner or determine the 
manner in which a section was to be subdi­
vided. States have varying rules for the priori­
ties of calls on a deed. Placement of errors of 
closure in a metes-and-bounds description also 
varies between states. 

As mentioned earlier in this chapter, Texas 
established a rectangular system having little 
relationship with the PLSS. State laws differ 
greatly on riparian boundries. A hotly con­
tested question still exists within the federal 
government regarding the manner in which 
reacquired lands are to be surveyed and de-



scribed. Adverse possession normally does not 
run against the federal government, but the 
effect use lines have on lands the government 
has bought from a private citizen is vague. Be 
aware of state laws and never make hasty as­
sumptions regarding the similarities to federal 
laws. 

32-13. SUPERIORITY OF CALLS 

With a few exceptions, the order in which 
legal description calls can control each other 
is similar. This is an important subject for the 
writer of a new description. Certain calls will 
outweigh others; therefore, it is crucial to know 
how and in what order to write a new descrip­
tion, so the parties' real intent is forever noted 
on the deed. The following list is basically 
accepted in most of the country. 

1. Calls for monuments. These can be natural, 
such as lakes, streams, or trees. Physical 
monuments include any type of marker set 
by a surveyor or referenced objects that 
somehow coincide with the boundary. 

2. Secondary monuments. These are the same 
type objects but were not specifically called 
for. With reference to other maps or docu­
ments, they are found to be acceptable evi­
dence for locating the parcel. 

3. Reference to a record boundary, such as a 
map, plat, or deed. 

4. Calls for ties, usually by bearing and dis­
tance, to other monuments or boundary lines 
of record, but not in direct relationship to 
the lines being described. 

5. Distances on the boundary. 
6. Bearings on the boundary. This can also 

include angular relationships between two 
lines. 

7. "Areas" when not used as the specific call. 
Descriptions that give an area at the conclu­
sion are not controlled by the area, but 
rather the caption and body. 

Studying a few brief examples of these calls 
will be useful. A very basic rule in land law is 
the superiority of a call for a monument. In 
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almost every case where any other element 
within a legal description seems contradictory, 
a call for a monument will hold. For instance, 
if a distance is given in a metes-and-bounds 
description, but later is found to be in error, 
the call for a monument (if any) will govern. 
The deed may call for "100 feet to a 24' oak 
tree. .. ," but what if the oak tree is II 0 ft 
away? The oak tree is a superior call. Mention­
ing it in the description shows it to be the 
intended corner, and the distance is a sec­
ondary call to find the correct area or tree. A 
call for another boundary or other line of 
record shows an intent of the parties to avoid 
any overlap of hiatus. The distance call may 
not be correct, but the call for the adjoining 
parcel to share a common boundary cannot 
be mistaken as to intent. 

When not being used with monuments or 
calls to ad joiners, distances are superior to 
bearings. This principle comes primarily from 
the belief that the measurement of a distance 
is more accurate than a bearing. This was true 
for most of history, but has changed in the last 
20 yr with the common use of more accurate 
angle-measuring equipment. Nevertheless, the 
legal principle still holds because the concept 
remains that ordinary landowners can deter­
mine a distance more accurately than a 
bearing. 

Surprising as it may seem, area given in a 
description is usually the last call to be consid­
ered. The average citizen believes the exact 
opposite. A person having a deed with an area 
stated thereon is adamant about having at 
least that much land. But the entire structure 
of land law and surveying sciences leans away 
from this theory. The federal government rec­
ognized the danger of relying solely on acreage 
calls in patents. Almost every government 
patent issued over the last 200 yr called for an 
acreage and then stated, "according to the 
official plat .... " Remember, a call for a map, 
plat, survey, or the field notes on a deed is 
treated as if those items were actually printed 
directly on the deed. Therefore, monuments 
and other evidences of the survey on which 
the patent was based are called for and will be 
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the superior calls. When a quarter-section is 
found to have only 150 acres, instead of the 
160 stated in the patent, monuments are the 
controlling factor. The acreage is simply an 
addendum to the more superior calls in the 
patent. This same rule holds as long as the 
description is not written in a way to make it 
obvious that the acreage is a superior call. An 
example of this would be "the north 30 acres 
of the Smith Ranch, as described in ... " 

When a call for acreage is made in this 
manner, it is actually a dimension call that will 
control location of the land. However, when 
an acreage call is given and then followed by a 
metes-and-bounds description, the acreage call 
gives way to the bearings and distances called 
for. Reasons for the inferiority of acreage calls 
are numerous, but acreages have traditionally 
been somewhat "floating" values. In the 
northeastern states, acreages frequently were 
dramatically exaggerated to make up for 
poor-quality land. Wisdom on the part of early 
surveyors and scriveners showed that the 
acreage could change significantly, depending 
on the method of survey. In reality, if our 
entire system was based on acreages alone, no 
amount of time could ever resolve the chaos 
and lawsuits arising therefrom! 

Modern-day description preparers must be 
familiar with the superiority of calls. The duty 
of today's surveyors is to "retrace the footsteps 
of the original surveyor. " In far too many 
cases, those footsteps are very difficult to find 
or follow. Descriptions must be written in a 
way to ensure that future surveyors, tide offi­
cers, lawyers, and especially landowners can 
clearly follow our footsteps. 

32-14. DESCRIPTION 
TERMINOLOGY 

A final area to be explored in legal land de­
scriptions is terminology. All too often, a 
scrivener capriciously employs terms and 
phrases that sound normal and common but 
are vague to those who attempt to use descrip-

tions. Every office that prepares land descrip­
tions must have a law dictionary. Many are 
available, but the most widely employed in the 
surveying field is Black's Law Dictionary. The 
10 most commonly used and misunderstood 
terms are discussed briefly in the following 
listing: 

Adjacent. This word is often used incorrectly 
instead of adjoining. Adjacent is defined as lying 
near, close to, or in the vicinity of but not 
necessarily touching. Although thought to mean 
touching, this term indicates only that a person 
is in the right neighborhood, not on the right 
line. 

Adjoining. A much-preferred term when saying a 
boundary actually is common with another. 

Along. A call for a boundary to be along a line 
implies that a person is moving with the call, and 
the line itself is the route of motion. The term is 
not interchangeable with by a line, or on a line, 
or with a line. When referring to a strip descrip­
tion or road, along refers to the centerline, 
unless otherwise called for. 

Contiguous. According to Black's Law Dictionary, 
the term contiguous is somewhat vague and 
should be avoided. In close proximity, near 
though not in contact, and adjoining all fall 
within the meaning. Other terms that do not 
carry such ambiguities are preferable. 
Due (as in direction). Courts have determined 
that due north refers to astronomic north, not as 
assumed north. Geodetic north is not included 
in this term. The use of true instead of due does 
not improve clarity. These terms should be used 
only when the bearings or azimuths are actually 
based on astronomic observations. Statements 
regarding the basis of bearings in a deed can be 
made in the description. In the absence of a 
stated basis of bearings, bearings called for are 
considered to be relative to each other, but not 
necessarily to bearings in other deeds. 

Either. This term is assumed to mean the same as 
on both sides when describing a strip. "Thirty­
three feet on either side of the following de­
scribed centerline" is an incorrect use. Either 
implies that there is a choice of one side or the 
other of the centerline, but not both sides, which 
was the intent. Scriveners should employ the 
word each instead. 



Excepting (as opposed to reserving). As discussed 
in Section 32-2, these terms are not interchange­
able. Older deeds, especially in the northeast, 
did use them in tandem. However, the word 
excepting means omitted or cut off, whereas the 
term reserving indicates that only a portion of 
something is being withheld. When reserving an 
easement from a foregoing description, the im­
plication is that the fee title to the land has been 
transferred, but a partial interest in the form of 
an easement is to be created and held for the 
grantor. When an "exception" is made, any­
thing described in the exception that was also 
described in the body will be removed from the 
transaction. 

More or less. A most commonly used term in land 
descriptions, more or less is sometimes misun­
derstood. This phrase indicates that the reader 
of a call should be cautious. It indicates a certain 
amount of uncertainty in the accuracy of a call. 
The term should be reserved for situations in 
which the quantity is questionable. When used at 
the end of an acreage call, more or less implies 
that the area is not to be taken as any real 
influence on the description; i.e., the body con­
trols the land, and the area is simply given as a 
supplemental call for information only. 

Parallel to. For two lines to be parallel to each 
other, they must by mathematics be equidistant 
from each other at any point. Lines or objects 
cannot be parallel "with" each other, but must 
be parallel "to." Although parallel implies 
straight lines, this term is often used with curves. 
The principle indicates that the curves are con­
centric, which means they share a common ra­
dius point and are also equidistant from each 
other at any given point. 

Tract (as opposed to parcel). These two terms are 
the most frequently used in captions in referring 
to the land being described. The term parcel is 
much preferred because it does not have any 
other meanings with which it can be confused. 
Tract is a term used within the PLSS for lands 
segregated during an independent resurvey. 
Similarly, using "a section of land" can be con­
fused with a 64O-acre entity of the PLSS. The 
term lot does have more than one official mean­
ing, and it should be made clear which system is 
being referred to in a deed. 
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32-15. SUMMARY 

The subject of legal land descriptions is very 
complex and far more detailed than this single 
chapter can demonstrate. An attempt has been 
made to present a skeletal review of the sub­
ject. Surveyors, engineers, architects, lawyers, 
realtors, and others dealing with land use and 
transfer should refer to detailed textbooks on 
the subject. The single most important factor 
to remember is that intent of the parties is 
always the most controlling factor. Therefore, 
any new description created must clearly indi­
cate what those intentions are, without hasty 
assumptions. Carefully choose the system to 
describe the parcel. Use words and phrases 
that truly describe the intent. Write each de­
scription with calls for records, bounds, and 
other details tailored to avoid future conflicts. 
Be concise and to the point. And above all, 
research the history of descriptions for a par­
cel and the adjoiners thereto. A cautious and 
professional attitude toward this subject will 
greatly improve the quality of descriptions 
within our record system. 

NOTES 

1. BLM. 1973. Manual of Instructions for Suroey of 
the Public Lands of the United States. Washington, 
DC: U.S. Government Printing Office. 

2. J. G. McEntyre. 1986. Land Suroey Systems, 1st 
ed. Rancho Cordova, Landmark Enterprises. 

REFERENCES 

BLACK, H. C. 1979. Black's Law Dictionary, 6th ed. 
St. Paul, MN: West Publishing Co. 

BROWN, C. M. 1986. Boundary Control and Legal 
Principles, 3rd ed. New York: John Wiley & Sons. 

CUOMO, P. A. Advanced Land Descriptions 1994, 
Rancho Cordova CA: Landmark Enterprises. 

GRIMES, J. S. 1987. Clark on Suroeying and Boundaries, 
6th ed. New York: Bobbs-Merril. 

WATILES, G. H. 1979. Writing Legal Descriptions in 
Conjunction with Suroey Boundary Control, 2nd ed. 
Orange, CA: Gurdon Wattles. 

WATILES, W. C. 1974. Land Suroey DeScriptions, 10th 
ed. Orange, CA: Gurdon H. Wattles (revised). 



33 
The Role of the Surveyor in Land 

Litigation: Pretrial 

John Briscoe 

33-1. INTRODUCTION 

The expert in any of a number of technical 
fields is frequently, as a witness or an adviser, 
drawn into the vortex of land litigation. The 
expert in the land case may be a surveyor, title 
abstractor, property appraiser, engineer, geol­
ogist, hydrologist, oceanographer, biologist, or 
geographer. But there is one denominator 
that, in land cases, each of these experts bears 
in common with the other. It lies in the role 
each plays in a land dispute, whether it con­
cerns title, political or property boundaries, 
water rights, or other aspects of natural re­
source use. In these cases, the expert's role is 
much more like the lawyer's than the part of 
an expert in virtually any other kind of law 
case. 

In fact, the role of the land expert is unique 
-particularly the role of the land surveyor in 
relation to the law. This is perhaps best shown 
by contrast. A neurosurgeon does not excise a 
brain tumor by reference to a rule of law. Nor 
does an engineer design a bridge according to 
any laws except those of physics. By contrast, 
the land expert, in making a surveyor forming 
an opinion as to the title, value, or location of 
property, applies law in the same way as a 
lawyer who is drafting deeds or subdivision 
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restrictions. In turn, the expert's professional 
ancestors often played a major role in shaping 
that law. Presidents Washington and Lincoln 
were land surveyors, as was Thomas Jefferson, 
who persuaded Congress to establish the U.S. 
Coast Survey in 1807 and is reputed to have 
been the originator, in 1785, of the rectangu­
lar system of surveys that has fostered many of 
the principles of boundary location. 1 In the 
main, the law of boundaries and surveying has 
developed through government manuals, spe­
cial instructions written by surveyors, and 
through surveying customs and usages that 
were, in time, adopted by the courts as law. 

It is perhaps because of his or her close 
relation to the law that the expert in a land 
case-more often than experts in other kinds 
of cases-asks to be initiated in the mysteries 
of the legal process. It is hoped that this chap­
ter will help dissipate some of the mystery that 
shrouds the rules of procedure and evidence 
in civil cases. Two points of unpatronizing 
caution, however, are in order. First, these vast 
subjects, taught over a period of years in law 
schools and mastered only with years more 
practice, can be only superficially treated in 
this chapter. Second, it is one 'thing, say, to 
read Hoyle on bridge, and another to appre-



hend the subleties of the game. This chapter's 
objective, then, is to impart to the reader a 
nodding acquaintance with the principles of 
evidence and procedure. 

33-2. RULES OF EVIDENCE 

To a large extent, a land surveyor's contribu­
tion to land litigation is governed by the rules 
of evidence. Any expert advice or testimony 
that he or she may offer can only be used 
within the limits prescribed by these rules. The 
land surveyor contemplating serving on a liti­
gation team should therefore be aware of the 
extent to which his or her information can be 
used at the time of trial. By using the evidence 
that is most likely to be accepted by the court, 
an expert can avoid complications at trial and, 
as a result, greatly improve both individual 
effectiveness and that of the rest of his or her 
litigation team. To this end, some basic rules 
of evidence will be discussed. 

33-3. RELEVANCE 

Relevance is the fundamental principal of the 
law of evidence. In a sense, all other rules of 
evidence in one manner or another address 
the question of relevance by focusing on the 
reliability or credibility of evidence, which are, 
on reflection, components of relevance. The 
less reliable or credible an item of evidence is, 
the less relevant it is. McCormick wrote that 
relevance is logically the first rule of evidence,2 
and this principle has been codified in many 
jurisdictions: 

All relevant evidence is admissible, except as 
otherwise provided .... Evidence which is not 
relevant is not admissible.3 Except as otherwise 
provided by statute, all relevant evidence is ad­
missible.4 

Although the concept of relevance may 
seem self-evident, it is useful to examine the 
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definitions that have been formulated. "Rele­
vance," wrote McCormick, "is probative 
worth."s The California rule, for use in Cali­
fornia state courts, reads: 

"Relevant evidence" means evidence having any 
tendency to make the existence of any fact that 
is of consequence to the determination of the 
action more probable or less probable than it 
would be without the evidence.6 

The federal rule, used in federal courts, pro­
vides: 

"Relevant evidence" means evidence, including 
evidence relevant to the credibility of a witness 
or hearsay declarant, having any tendency in 
reason to prove or disprove any disputed fact 
that is of consequence to the determination of 
the action.7 

Both the California and federal definitions 
of relevance have two essential components: 
(1) The proferred evidence must tend to prove 
or disprove a proposition and (2) that proposi­
tion must be of consequence to the action. 
Thus, if the location of a section corner, e.g., 
is of no consequence to the action-i.e., if its 
location would in no manner affect the out­
come of the lawsuit-evidence of its location 
would be irrelevant. In addition, if the loca­
tion of the corner were of consequence, but 
the offered evidence did not tend to establish 
its location, it too would be irrelevant. 

Although the general rule is that relevant 
evidence is admissible, the trial judge may in 
his or her discretion exclude evidence that is 
admittedly relevant (and not objectionable un­
der the other rules of evidence) in certain 
well-established circumstances. These circum­
stances occur when admitting the proferred 
evidence would cause (1) a danger of unduly 
prejudicing the jury, (2) a danger of confusing 
the jury, and (3) an undue consumption of the 
court's time.s Explicit photographs of a maim­
ing victim are sometimes excluded, e.g., even 
though relevant (to show the victim was in fact 
maimed), for the photographs may so inflame 
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the jury that it loses sight of the more central 
issue-whether the defendant was in fact the 
attacker. The rule that relevant evidence may 
be excluded if it might confuse the jury is 
infrequently invoked today. Modern trial 
judges are far more willing to allow complex 
scientific, economic, or other technical infor­
mation to go to the jury than their predeces­
sors. 

Relevant evidence may also be excluded if it 
serves only to beat a dead horse. Mter three or 
four eyewitnesses testify to the setting of the 
disputed corner monument, for instance, the 
trial judge may refuse to allow more to take 
the stand. Also, if an inordinate amount of 
time would be consumed establishing a minor 
or tangential point, one might expect the judge 
to draw the line. As Justice Oliver Wendell 
Holmes once aptly remarked, " ... that objec­
tion [that the offered evidence would require 
far too much court time] is a purely practical 
one-a concession to the shortness of life."g 

Finally, in addition to the matters of preju­
dice, danger of confusion, and undue con­
sumption of time, relevant evidence is typically 
excluded in other well-defined situations, for 
the purposes of "public policy." 

As ought to be apparent from this brief 
discussion of the concept of relevant evidence, 
what is relevant and, thus, admissible depends 
in large measure on the substantive rules gov­
erning the dispute. For example, in a lawsuit 
in which the sale issue is whether one party 
has acquired title to land by adverse posses­
sion, what evidence is relevant is a function of 
the elements needed to establish title by ad­
verse possession in that state. If payment of 
property taxes is not a necessary element as it 
is in a few states, such as California, then 
evidence of payment of taxes is, strictly speak­
ing, irrelevant. 

"Procedural" rules also can determine what 
is relevant evidence and what is irrelevant. For 
example, one such rule governing the trial of 
quiet title actions provides that the plaintiff 
must prevail on the strength of his or her own 
title and may not prevail merely by showing 
infirmities in the defendant's title.1O Thus, un-

til the plaintiff in a title case has introduced 
sufficient evidence that, if unrebutted, would 
entitle the plaintiff to a decree quieting his or 
her title, any evidence he or she may offer that 
is directed solely at attacking the defendant's 
claim is irrelevant. 

33-4. DOCUMENTARY EVIDENCE 

33-4-1. Authentication 
Before a document may be received in evi­

dence at trial, it must first be shown to be what 
the party offering it claims it to be. Authenti­
cation is the process of establishing this. The 
California definition of authentication, repre­
sentative of other jurisdictions, is this: 

Authentication of a writing means (a) the intro­
duction of evidence sufficient to sustain a find­
ing that is the writing that the proponent of the 
evidence claims it is or (b) the establishment of 
such facts by any other means provided by law. II 

Thus, even though a writing is relevant and 
not subject to any exclusionary rule, a founda­
tion must be laid by authentication before it 
can be introduced into evidence.12 The fed­
eral rule respecting authentication, Rule 901 
of the Federal Rules of Evidence, is very simi­
lar to the California rule. 

Presumptions, which are considered in a 
later section of this chapter, frequently help in 
authenticating documents. In California, e.g., 
a "book, purporting to be printed or pub­
lished by public authority, is presumed to have 
been so printed or published.,,13 Similarly, in 
common with many other states, California 
law presumes the authenticity of "ancient doc­
uments," providing four conditions are met. 
The document must be at least 30 yr old; it 
must be in a condition that raises no suspicion 
concerning its authenticity; it must have been 
kept or found where one would expect it to 
be; and last, it must have been generally treated 
as authentic by persons having an interest in 
the matter.14 Another presumption that can 



aid in authenticating a document holds that a 
writing is prespmed to have been truly dated.15 

All such presumptions respecting the authen­
ticity of documents, however, may be rebutted 
by showing that the document is fake or 
forged. These presumptions are not conclu­
sive, but their effect is that unless contrary 
evidence 
is shown, the document will be presumed 
authentic. 

In the case of government documents, the 
process of authentication is greatly hastened 
by the use of certified copies. (Two other 
evidentiary hurdles to the introduction of doc­
uments, the best-evidence rule and part of the 
hearsay rule, are also overcome by the use of 
certified copies.) Virtually all states, and fed­
erallaw, provide that properly certified copies 
are prima facie evidence of the fact that the 
original is on file with the public entity, and of 
what the original contains. By prima facie it is 
meant that the opposing party may seek to 
show that there is no original, or the original 
is not genuine, or the purported copy is not a 
true copy, however, if he or she cannot, the 
certification establishes the authenticity of the 
document. Thus, a certified copy of the field 
notes of a government survey will be treated as 
authentic as if one produced the original and 
authenticated it. It should be apparent then 
that using a certified copy is preferable even 
to using the original. If we assume that one 
could obtain an original government docu­
ment, it would still be necessary to establish its 
authenticity, which usually is done by calling 
as a witness the custodian of the document. 
Using a certified copy dispenses with the need 
to call a "live" witness for authentication. 

In addition to the presumptions discussed, 
there are other commonplace methods of es­
tablishing the authenticity or genuineness of a 
document. A common method of proof is by 
comparison of the offered writing with some 
other admittedly genuine writing, called an 
"exemplar." The comparison may, of course, 
be made by expert witnesses in order to form 
their opinion.16 But the two writings-the dis­
puted and exemplar-may be offered in evi-
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dence and considered by the jury or other 
trier of fact as circumstantial evidence to prove 
genuineness or lack thereof.17 The foundation 
for such evidence is proof of the preliminary 
fact of genuineness of the exemplar. The court 
must find that it was "admitted or treated as 
genuine" by the adverse party, or it must be 
"otherwise proved to be genuine to the satis­
faction of the court.,,18 The exemplar must 
also be one that was written naturally and 
independently of the purposes of the litiga­
tion. A specimen writing or signature pre­
pared specially for the use of an expert ("post 
litem motam") is not admissible. And, defen­
dants cannot offer exemplars of their hand­
writing, made at the trial or after arrest, be­
cause of the possibility of fraud in allowing 
them to corroborate their own testimony by a 
prepared specimen.19 

Finally, the authenticity of an instrument 
relied on by the plaintiff or defendant also 
may be established priur to the trial, in discov­
ery proceedings or at a pretrial conference. 
These matters are considered later in this 
chapter. 

33-4-2. Best Evidence or 
Original Document Rule 

The best-evidence rule may be the most 
egregiously misnamed rule in the law. Prose­
cutors may speak of the smoking gun as the 
"best evidence" of guilt, and surveyors may 
debate what constitutes the best evidence of 
an obliterated corner. But the best-evidence 
rule is not a rule of general application that 
admits only the most probative or persuasive 
evidence. It applies only to documents, and it 
would be more aptly called the "original doc­
ument" rule, which is the name that will be 
used here. 

Succinctly stated the rule is this: In proving 
the terms of a writing, when the terms are 
material to the case, the original writing must 
be produced unless it is shown to be unavail­
able for some reason other than the serious 
fault of the one who wishes to prove the writ-
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ing's terms.20 The California rule reads: 

Except as otherwise provided by statute, no evi­
dence other than the original of a writing is 
admissible to prove the content of a writing.21 

The federal rule is distinctive in one signif­
icant respect. It is not called the best-evidence 
rule but rather "requirement of original." 
Like the California rule, the federal rule has 
been expanded to cover not only writings but 
also recordings and photographs.22 

The purpose of the rule is plain. If a ques­
tion arose at trial concerning an entry in the 
field notes of an original government survey, 
the most reliable evidence of what was entered 
would be the original field notes themselves. A 
handwritten or typewritten transcription of the 
original notes-not to mention oral testimony 
of their contents-would be too susceptible to 
errors, whether inadvertent or purposeful. This 
problem is presented less by modem photo­
copying methods but nonetheless persists. 

The reasons for the rule are thus stated in [Sec­
tion 602] of the Model [Evidence] Code: "Slight 
differences in written words or other symbols 
may make vast differences in meaning; there is 
great danger of inaccurate observation of such 
symbols, especially if they are substantially simi­
lar to the eye. Consequently there is opportunity 
for fraud and likelihood of mistake in proof of 
the content of a writing unless the writing itself 
is produced. Hence it should be produced if 
available.23 

It should be noticed that the statement of 
the rule given above specifies that the original 
is required only when the terms of the writing 
are material to the case. Stated in reverse 
fashion, if the writing is "collateral" to the 
principal issues of the case, the original need 
not be produced. Suppose a witness testifies 
that he first observed the blaze tree on De­
cember 4. When asked how he knows it was 
December 4, he replies that he was carrying 
that day's newspaper at the time and made a 
mental note of the date given below the pa­
per's banner. In such an instance, it would 

hardly be necessary to produce the original of 
the newspaper to prove the date. 

The original document rule comes into op­
eration when an attempt is made to offer 
secondary evidence-e.g., a copy or oral testi­
mony, to prove the contents of an original 
writing. Sometimes, however, it may be diffi­
cult to determine whether a writing is an origi­
nal document or secondary evidence for pur­
poses of the rule. If there is in a practical 
sense no single original but several duplicates 
of equal reliability, anyone could be consid­
ered primary evidence, and the policy of the 
rule would be satisfied. This theory is ap­
proved by modern authorities, but the cases 
still make conflicting and confusing distinc­
tions between different kinds of duplicates.24 

Carbon copies are now generally regarded as 
duplicate originals and may be introduced 
without showing the unavailability of the origi­
nal.25 Printed and other mechanically repro­
duced copies should, like carbons, be re­
garded as originals for purposes of the rule. 
However, except as to business records under 
the new California statute, photographs and 
photostats are still generally considered sec­
ondary evidence.26 

The original document rule is inapplicable 
if the writing "was not reasonably procurable 
by the proponent by use of the court's process 
or by other available means.,,27 Prior Califor­
nia cases reached the same result by treating 
the writing as "lost.,,28 Even though a writing 
is outside the reach of process, the original 
document rule applies if other means of pro­
curement are available. But when the writing 
is in the hands of a third person, whose atti­
tude is hostile and who refuses to give it up, 
some authorities hold that compliance is 
excused.29 

It should be borne in mind that the three 
points treated in this section of the chapter 
are by no means the only evidence issues that 
must be considered when seeking to introduce 
-or to prevent the introduction-of a docu­
ment. The relevance issue, discussed in the 
preceding section, pertains with respect to all 
evidence; the document may constitute 



hearsay; and there may be a question of 
whether the document can be judicially no­
ticed. The hearsay rule is taken up next. 

33-5. THE RULE AGAINST HEARSAY 
OR THE RULES PERMlnlNG 
HEARSAY 

What is hearsay? You are urged to put out of 
mind any present ideas of what hearsay is and 
to consider the following variously formulated 
definitions thoughtfully. McCormick defines it 
thus: 

Hearsay evidence is testimony in court or written 
evidence, of a statement made out of court, such 
statement being offered ... to show the truth of 
matters asserted therein, and thus resting for its 
value upon the credibility of the out-of-court 
asserter.30 

The federal rules provide: 

"Hearsay" is a statement [either written, oral, or 
non-verbal conduct, if intended as an assertion], 
other than one made by the declarant while 
testifying at the trial or hearing, offered in evi­
dence to prove the truth of the matter asserted.31 

The California definition is: 

"Hearsay evidence" is evidence of a statement 
that was made otlier than by a witness while 
testifying at the hearing and that is offered to 
prove the truth of the matter stated.,,32 

These definitions show that there are two 
essential components of hearsay evidence. The 
first is almost self-evident: It is evidence of a 
statement made out of court. The witness on 
the stand, e.g., relates what someone told him 
or her during a meeting. It should be recalled 
that the "statement" may be written as well as 
oral. Thus, field notes of a survey when intro­
duced at trial are evidence of a statement 
made out of court. (In most jurisdictions, non­
verbal conduct, if intended to assert some-
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thing, may also constitute a "statement"; a 
deaf-mute's sign-language statement is an ex­
ample.) It is the second component of the 
hearsay definition, however, that is elusive; the 
statement must be offered at the trial or hear­
ing for the purpose of proving the truth of the 
matter asserted in it. If it is offered for another 
purpose, it is not hearsay. Some examples may 
illustrate. 

In a murder trial, suppose that the defen­
dant testifies that just before he killed the 
victim, the victim raised a gun and shouted, "I 
intend to kill you." If the victim's statement 
were offered to prove the truth of what was 
stated-i.e., that he intended to kill the de­
fendant, it would constitute hearsay. It is a 
statement made out of court, offered for the 
truth of the matter asserted. If, however, it 
were offered to show simply that the victim 
had in fact said the words-irrespective of 
their truth-and thus had put the defendant 
in fear of his life (which would help establish 
self-defense), the evidence would not consti­
tute hearsay. 

Suppose a witness testifies that another per­
son told her the defendant was driving 70 mi 
an hour. Again, the statement is one made out 
of court, but is it hearsay? If it is offered to 
show that the defendant was in fact driving at 
that speed, it is. But it may be offered for 
other purposes. If it is offered to show that the 
one reporting the speed of the defendant (the 
"declarant") could speak English, it is not 
hearsay. Similarly, if it is offered to prove that 
the declarant was conscious at the time, it is 
again not hearsay. 

If a map is offered to show the truth of 
what is depicted on it, as for example the 
location of monuments, it is hearsay, for it is a 
"statement" made out of court and offered to 
prove the contents of the statement. If the 
question in the case is imply whether the map 
exists-regardless of what it depicts-it does 
not constitute hearsay. 

The critical factor in these examples is 
whether the evidence of the out-of-court state­
ment is offered to prove the truth of what was 
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said or merely show the making of a state­
ment. This is why an out-of-court statement 
may be objectionable when offered to show 
one thing but not when offered to show an­
other; the trier of fact mayor may not need to 
consider the truthfulness of the out-of-court 
declarant. If the jury must decide whether the 
car was being driven at 70 mi an hour, to use 
one of the examples, it needs to know whether 
the out-of-court declarant was telling the truth. 
She was neither placed under oath nor subject 
to cross-examination when she made the state­
ment, and thus two of legal system's most 
revered guarantors of truth are lacking. If the 
jury, on the other hand, is not concerned with 
the speed of the car, but only with whether the 
declarant was conscious, it has no need to 
know whether the declarant was speaking the 
truth about the speed of the car. It need only 
know whether the witness on the stand is telling 
the truth when she testifies that the declarant 
spoke; the witness on the stand has taken the 
oath and may be cross-examined. 

The general rule, of course, is that hearsay 
evidence is not admissible,33 but many excep­
tions have been made. The exceptions to the 
hearsay rule are fairly uniform among the 
states and in the federal system. Some excep­
tions deal specifically with criminal matters, 
and others would rarely be encountered by 
the reader. Accordingly, the following list is 
not intended as exhaustive, but emphasizes 
those that may arise in land and boundary 
cases. Also, many of the exceptions do not 
operate unless certain rather technical matters 
are first shown. These "foundational" matters 
will be discussed only sparingly. 

33-5-1. Admissions of a Party 

Evidence of a statement made out of court 
by a party to a lawsuit may be introduced, for 
the purpose of proving the truth of the state­
ment, by an opposing party.34 It may not be 
used, however, by the party who made the 
statement. Suppose the plaintiff in an adverse 
possession case once told a neighbor that her 
occupation of the property had been only 

intermittent. The defendant may call the 
neighbor to the stand and have here testify to 
what the plaintiff told him, and it is admissible 
for the truth of the matter asserted-i.e., it 
may be considered as evidence that the plain­
tiffs possession had not been continuous. The 
reason for this exception is apparent. The 
plaintiff is a party to the action and, thus, 
available to explain or deny the statement. 

33-5-2. Declarations Against 
Interest 

The hearsay exception for admissions is so 
frequently confused with the exception for 
declarations against interest that the erro­
neous expression "admissions against interest" 
is often heard. Although the same hearsay 
statement may constitute both an admission 
and a declaration against interest, the two 
have different elements. Essentially, a declara­
tion against interest must be one that, when 
made, was antithetical to the declarant's pecu­
niary or proprietary interest, and the declarant 
must be unavailable to testify at trial. An ad­
mission, on the other hand, need not have 
been against the declarant's interest at the 
time it was made, although it usually is. More­
over, the exception for admissions applies only 
to statements by parties to the lawsuit, whereas 
the exception for declarations against interest 
applies to any declarant. 

Examples in the real property field of dec­
larations against interest are common. State­
ments by one in possession of real property 
that he is not the true owner, that she has 
fenced beyond her true boundaries, or that 
the property had been purchased with trust 
funds, have been traditionally considered dec­
larations against interest.35 Examples in other 
areas of law are admitting liability for an auto­
mobile accident, acknowledging a debt, or ac­
knowledging a breach of contract. The belief 
that such statements would not be made un­
less true overcomes the infirmities of the lack 
of oath and opportunity for cross-examination. 

In all such cases, however, the declarant 
must be unavailable to testify at trial. What 



"unavailable" means varies from jurisdiction 
to jurisdiction. If, however, he or she is dead, 

J 

beyond the subpoena power of the court, or 
physically incapacitated, all courts would con­
sider this person unavailable. 

33-5-3. Business Records 
Certain entries in business records are con­

sidered admissible evidence in most jurisdic­
tions, notwithstanding that they are hearsay.36 
Some such entries, of course, might come in 
under other exceptions to the hearsay rule. If 
the entries were made by a party opponent, 
they may be admissible as admissions; perhaps 
the entries, whether made by a party or not, 
were declarations against interest at the time 
they were made. Because of the general relia­
bility of records kept in the regular order of 
business, however, a specific exception to the 
hearsay rule for such records has been made. 
The rule no doubt originated with the admis­
sion of a shopkeeper's books to show the mak­
ing of a debt; without his or her books, the 
shopkeeper could not testify as to the creation 
of the debt except by independent recollec­
tion.37 

Today, evidence of entries in business 
records is admissible so long as certain matters 
are shown. (These requirements may vary 
somewhat from jurisdiction to jurisdiction.) 
One requirement is that the records must bear 
the earmarks of reliability. The federal rules, 
e.g., specify that business records are inadmis­
sible if "the source of information or the 
method or circumstances of preparation indi­
cate lack of trustworthiness. ,,38 It is difficult to 
generalize on circumstances that indicate a 
lack of trustworthiness, but self-serving decla­
rations certainly fall within this category.39 
Erasures or other alterations of records, or 
mutilations such as torn-out pages, also cast 
suspicion on the reliability of the records. If 
the erasure, alteration, or mutilation can be 
explained to the satisfaction of the court, it 
may nonetheless be received into evidence, 
but these conditions make more difficult the 
task of introducing such records.40 
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In this respect, two well-known authors have 
some sound suggestions on the making of sur­
vey field notes, to which the land surveyor 
should adhere rigidly. 

When a survey is performed for the purpose of 
gathering data, then the field notes become the 
record of the survey. If the notes have been 
carelessly recorded and documented, falsified, 
lost, or made grossly incorrect in any way, the 
surveyor a portion of the survey is rendered 
useless. Defective notes result in tremendous 
waste of both time and money. Furthermore, it 
will become obvious that, no matter how care­
fully the field measurements are made, the sur­
vey as a whole may be useless if some of those 
measurements are not recorded or if the mean­
ing of any record is ambiguous. 

The keeping of neat, accurate, complete field 
notes is one of the most exacting tasks. Although 
several systems of note-keeping are in general 
use, certain principles apply to all. The aim is to 
make the clearest possible notes with the least 
expenditure of time and effort. 

A hard pencil-4H or harder-should be used 
to prevent smearing. The notebook should be of 
good quality, since it is subjected to hard usage. 
No erasures should be made, because such notes will 
be under suspicion of having been altered. If an 
error is made, a line should be drawn through 
the incorrect value and the new value should be 
inserted above. In some organizations the notes 
are kept in ink, but this is rather inadvisable 
unless a waterproof ink is used or unless there is 
no possible chance of the notes becoming wet. 

Clear, plain figures should be used, and the 
notes should be lettered rather than written. The 
record should be made in the field book at the time the 
work is done, and not on scraps of paper to be 
copied into the book later. Copied notes are not 
original notes, and there are too many chances 
for making mistakes in copying or of losing 
some of the scraps. All field computations should 
appear in the book so that possible mistakes can 
be detected later.41 

33-5-4. Certain Official 
Documents 

An exception to the hearsay rule, akin to 
the exception for business records, has been 
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made for certain official documents.42 Such 
matters as court records, records of acts of the 
legislature, observations recorded by the Na­
tional Weather Service, and land office records 
fall within this exception. The requirements 
for the exception are similar to those for the 
business records exception. 

33-5-5. Past Recollection 
Recorded 

Another exception to the hearsay rule, 
which in many respects resembles the excep­
tion for business records, addresses what is 
generally called "past recollection re­
corded."43 According to this exception, evi­
dence of what is contained in a memorandum 
or other writing may be admitted into evi­
dence if certain elements are shown. First, the 
writings must have been made by the witnesses 
themselves, or someone under their direction, 
or some other person for the purpose of 
recording the witnesses' statement at the time 
it was made as, e.g., a shorthand reporter 
taking the statement of a witness after a crime. 
Second, the writing must have been made 
when the fact recorded in the writing actually 
occurred or was fresh in the witnesses' mem­
ory. Generally, this may be shown simply by 
having the witnesses testity'that the statement 
they made was a true statement of the fact 
recorded. Third, the witnesses must presently 
have insufficient recollection to testity fully 
and accurately to the facts recorded in the 
writing. 

From the foregoing discussion, it should be 
apparent that a surveyor's properly recorded 
field notes are generally admissible into evi­
dence as past recollection recorded and busi­
ness records as well. 

33-5-6. Reputation Concerning 
Land Boundaries and 
Land Customs 

The California rule respecting land bound­
aries and customs is typical of those found in 
most jurisdictions today. 

Evidence of reputation in a community is not 
made inadmissible by the hearsay rule if the 
reputation concerns boundaries of, or customs 
affecting, land in the community and the repu­
tation arose before controversy.44 

Formerly, it was a requirement for the admissi­
bility of reputation evidence concerning land 
boundaries or customs that the reputation 
must have been "ancient"-i.e., it must have 
arisen during past generations.45 Today, how­
ever, the generally accepted principle is simply 
that the reputation must have arisen in the 
community before the present controversey 
arose; there is no requirement that the reputa­
tion be ancient. 

The general principle for the rule admit­
ting reputation evidence is this: 

[T]he fact sought to be proved ... [being] [o]f too 
ancient a date to be proved by eye-witnesses, and 
not of a character to be made a matter of public 
record, unless it could be proved by tradition, 
there would seem to be no mode in which it 
could be established. It is a universal rule, 
founded in necessity, that the best evidence of 
which the nature of the case admits is always 
receivable.46 

This principle has special application In 

boundry cases: 

It must be obvious, that when the country be­
comes cleared and in a state of improvement. It 
is oftentimes difficult to trace the lines of a 
survey made in early times.47 

Questions of boundary, after the lapse of many 
years, become of necessity questions of hearsay 
and, reputation. For boundaries are artificial, 
arbitrary, and often perishable; and when a gen­
eration or two have passed away, they cannot be 
established by the testimony of eye-witnesses.48 

It should be emphasized that this exception 
to the hearsay rule does not concern individ­
ual statements respecting land boundaries 
(which statements are treated separately be­
low), but rather the prevalent brief of commu­
nity reputation. The reputation may be proved 
in several ways. Individual witnesses may testity 



that, according to reputation in the commu­
nity, a certaiI1 ditch or road is the boundary of 
the tract in question. In addition, old maps 
and old surveys,49 if they are shown to have 
been consulted by the community in its deal­
ings with the land, may be admitted as evi­
dence of reputation in the community con­
cerning boundaries. In the same manner, old 
deeds and leases may be admissible as evi­
dence of community reputation.50 Books con­
cerning matters of local history may also recite 
facts that, if shown to reflect community repu­
tation, would be admissible. 51 Although 
boundaries may be proved by reputation evi­
dence, title on the other hand may not be so 
proved. 52 

In addition to reputation concerning 
boundaries, the hearsay exception extends to 
evidence of reputation concerning a myriad of 
customs affecting land. The elements of the 
doctrine of custom, a principle of substantive 
law (evidence is procedural law), were taken 
from the 18th century writings of Sir William 
Blackstone. Among the requirements are that 
the custom must have been used so long that 
the memory of man runneth not to the con­
trary. Also, the custom must have been unin­
terrupted, it must have been peaceable, and 
acquiesced in, and it must be reasonable. 
"Customs ought to be certain. A custom that 
lands shall descend to the most worthy of the 
owner's blood is void: for how shall this worth 
be determined?" In addition, the custom when 
established must be compulsory, and it cannot 
be repugnant to another.53 

Other recent cases have applied the com­
mon law doctrine of custom in land cases. 54 In 
such cases where rights in land are asserted to 
exist by virtue of custom, the reputation of the 
custom may be the only evidence that can 
establish it, making this exception to hearsay a 
quite valuable rule. 

33-5-7. Statements of 
Deceased Persons 

To be distinguished from the hearsay ex­
ception for community reputation concerning 
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boundaries and land customs is the distinct 
exception for certain individual statements re­
specting boundaries. Although the two hearsay 
exceptions have common historical roots in 
many jurisdictions, today the two are usually 
treated as discrete exceptions to the general 
rule forbidding the introduction of hearsay 
evidence. 

The general requirements for admitting 
such declarations are, first, that the declarant 
is dead or unable to testify and, second, that 
the circumstances indicate no reason for the 
declarant to have misrepresented the truth. 

33-5-8. Ancient Documents 

An exception to the hearsay rule found in 
virtually all jurisdictions applies to what are, 
for convenience, called ancient documents. 
Typically, if a writing is more than 30 yr old, 
contains nothing that casts suspicion on its 
reliability, and if the writer is shown to have 
been a qualified witness-e.g., having first­
hand knowledge, the writing may be received 
for the truth of the matter asserted within it. 

The federal and California rules for ancient 
documents are structured somewhat differ­
ently from these general principles. Federal 
Rule of Evidence 803(16) provides that 
"[s]tatements in a document in existence 
twenty years or more the authenticity of which 
is established" are admissible as an exception 
to the hearsay rule. The question of the 
authenticity of the ancient document is 
separately treated in Rule 901(bX8). That rule 
provides that authentication is established by: 

Evidence that a document or data compilation, 
in any form, (A) is in such condition as to create 
no suspicion concerning its authenticity, (B) was 
in a place where it, if authentic, would likely be, 
and (C) has been in existence 20 years or more 
at the time it is offered. 

The California rule contains a requirement 
not imposed by other jurisdictions: 

Evidence of a statement is not made inadmis­
sible by the hearsay rule if the statement is 
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contained in writing more than 30 years old and 
the statement has been since generally acted 
upon as true by persons having an interest in the 
matter.55 

The California Law Revision Commission, 
which drafted the California Evidence Code 
(the code was enacted in 1965), noted that the 
ancient documents concept had been ex­
tended from the area of authentication to the 
hearsay rule. The commission's view was that 
the age of a document alone is not a sufficient 
guarantee of the trustworthiness of the state­
ment contained in it. For that reason, it added 
the requirement that the statement must have 
been generally acted on as true by people 
having an interest in the subject. 

33-6. THE RULE REQUIRING 
PERSONAL KNOWLEDGE 

Thus far, it should be apparent that no matter 
how contrived or obscure the rules of evi­
dence may seem, they are unmistakably the 
product of the steadfast purpose of the com­
mon law and American courts to receive only 
the most reliable evidence. This purpose also 
accounts for the fundamental rule requiring 
that witnesses testify only to matters of which 
they have personal knowledge. 56 A customary 
statement of the rule is that a witness who 
testifies to a fact that could have been per­
ceived by the senses must have had an oppor­
tunity to observe and also must have actually 
observed the fact.57 Federal Rule of Evidence 
602, e.g., provides 

A witness may not testify to a matter unless 
evidence is introduced sufficient to support a 
finding that he has personal knowledge of the 
matter. Evidence to prove personal knowledge 
may, but need not, consist of the testimony of 
the witness himself. This rule is subject to the 
provisions of Rule 703, relating to opinion testi­
mony by expert witnesses [discussed later in this 
chapter]. 

The essential concept of the rule requiring 
personal knowledge is that, with the exception 
of opinion testimony given by experts, a wit­
ness may testify only to facts, and only when he 
or she has personal knowledge of those facts. 
Thus, we find the Supreme Court of Alabama 
in 1848 writing: 

The general rule requires, that witnesses should 
depose only to facts, and such facts too as come 
within their knowledge. The expression or opin­
ions, the belief of the witness, or deductions 
from the facts, however honestly made, are not 
proper evidence as coming from the witness; 
and when such deductions are made by the 
witness, the prerogative of the jury is invaded.58 

As early as 1349, it was held that witnesses, as 
opposed to jurors, were not challengable 

Because the verdict will not be received from 
them, but from the jury; and the witnesses are to 
be sworn "to say the truth," without adding "to 
the best of their knowledge," for they should 
testify nothing but what they ... know for cer­
tain, that is to say what they see and hear.59 

Although not nearly so formally catego­
rized, as in the case of the hearsay rule where 
logic, the presence of other indicia of reliabil­
ity, and sheer need for the testimony are pres­
ent, exceptions to the rule requiring personal 
knowledge have been formulated. It may also 
be said that some of these exceptions have 
been created to prevent ludicrous results. For 
example, competent witnesses are invariably 
allowed to testify to their age and data of 
birth.60 Similarly, witnesses have been allowed 
to testify as to their kinship to others.61 The 
same experience holds true when the required 
evidence as a practical matter can be found 
only in a body of records, whether public or 
private. It is simply impractical, if not impossi­
ble, in such cases to require the summoning to 
the witness stand of each person having per­
sonal knowledge of the events recorded in 
such records. Similarly, testimony respecting 
data collected from the use of scientific instru-



ments, formulas, and tables invariably entails a 
dependence on the statements of other per­
sons, and even of unknown inventors, com­
puter programmers, etc. Yet it is clearly im­
practicable to adhere rigidly to the firsthand 
knowledge requirement, when the sole source 
of the necessary firsthand knowledge "con­
nection" cannot feasibly be produced. 

33-7. BURDEN OF PROOF 

The expression "burden of proof' conveys an 
idea that may be instinctively under­
stood-that in an adversary proceeding, one 
side must bear the onus of proving its position 
is correct. Put another way, if the evidence on 
each side of a case is equally persuasive, in 
"equipose," one side nevertheless must pre­
vail. In a championship prize fight, e.g., the 
challenger must take the crown from the 
champion. If they draw, the champ keeps the 
title. 

The common law has refined the concept 
of burden of proof to a remarkable sophistica­
tion. As refined, the expression burden of 
proof actually denotes two distinct burdens, 
for convenience called the "burden of pro­
ducing evidence" and "burden of per­
suasion." The burden of producing evidence 
is sometimes referred to as the "burden of 
production," or the "duty of going forward ... 62 

The burden of persuasion is occasionally called 
the "risk of nonpersuasion,,,63 or, unhappily, 
"burden of proof. ,,64 

The burden of production is best under­
stood in the context of a jury trial. If one party 
has the burden of production on an 
issue-e.g., whether a particular survey was 
fraudulent-he or she must produce sufficient 
evidence from which it might reasonably be 
concluded that the survey was in fact fraudu­
lent. If this is not done, the judge may direct a 
finding against him or her and refuse to allow 
the jury to decide the issue. If, however, suf­
ficient evidence is introduced-say, the expert 
testimony of a surveyor who has analyzed the 
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survey and concluded it is fraudulent-the 
burden is discharged. The party may still carry 
the burden of persuasion, however. 

The burden of persuasion is the burden on 
a party to "prove"-i.e., to convince the trier 
of fact, of the existence or nonexistence of a 
fact essential to its claim for relief or to its 
defense. The plaintiff in a quiet-title action, 
e.g., claims to own the disputed property, and 
it is incument on the plaintiff to convince the 
trier of that fact and not rely simply on the 
defendant's inability to show title. Likewise, a 
defendant who asserts in defense that a deed 
to the plaintiff was not executed by the pur­
ported grantor, but was forged, has the bur­
den of convincing the trier of fact of that 
point. 

The burden of persuasion is quite different 
from the burden of production. Unlike the 
burden of production, the burden of persua­
sion is not assigned until all the evidence has 
been received.65 Moreover, the burden of per­
suasion does not "shift" during the course of 
the trial. There is one similarity, however: The 
burden of persuasion is allocated by the same 
principles that allocate the burden of produc­
tion in the first instance-i.e., before any 
"shift" in that burden.56 

The word "prove," as used above, means 
different things in different contexts. In gen­
eral, it means that the party having the burden 
of persuasion on an issue must induce a partic­
ular degree of conviction in the mind of the 
trier offact (the jury or, when there is no jury, 
the judge). If the required degree of convic­
tion is not achieved, the trier of the fact must 
assume that the fact does not exist.67 The 
degree, or quantum, of proof varies. In crimi­
nal cases, the prosecution must prove each 
element of the crime charged "beyond a rea­
sonable doubt.,,6B The expression "beyond a 
reasonable doubt" is readily understandable. 
One judge has remarked that it requires a 
remarkable skill in language to make it plainer 
by explanation.69 In civil actions, on the other 
hand, the degree of proof required of the 
party bearing the burden of persuasion is or­
dinarily "the preponderance of the evidence." 
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To prove a matter by a preponderance of the 
evidence is not simply to produce more wit­
nesses or introduce more documents than the 
opponent.70 Simply stated, parties meet this 
burden of persuasion when they produce evi­
dence, together with inferences that the jury 
can reasonably make from the evidence, that 
is more convincing than their opponent's evi­
dence. Since this concept has been treated in 
rarified detail elsewhere,11 this discussion 
should suffice for present purposes. 

33-8. PRESUMPTIONS 

It was suggested earlier that the hearsay rule is 
perhaps the one rule of evidence most recog­
nized by name among laymen. Few non­
lawyers, though, would profess much knowl­
edge of the arcane complexities of the hearsay 
rule. The evidence rules called "presump­
tions" may be only slightly less known by name, 
but in contrast to the hearsay rule are widely 
assumed to be understood. Generally speak­
ing, though, presumptions are grossly misun­
derstood. A leading writer on the principles of 
evidence characterizes presumption as 

. . . The slipperiest member of the family of legal 
terms, except its first cousin, "burden of proof," 
.... Agreement can be secured to this extent, 
however: a presumption is a standardised prac­
tice, under which certain oft-recurring fact 
groupings are held to call for uniform treatment 
whenever they occur, with respect to their effect 
as proof to support issues.72 

The reasons for the creation and use of 
presumptions in the law include such factors 
as probability and judicial economy. If the 
issue in an action is whether a letter giving 
notice of a matter was received, and the bur­
den is on the sender to prove its receipt, 
experience tells us that if the letter was duly 
posted, it was probably delivered. Thus, the 
presumption that a letter duly mailed was re-

ceived was created for its probability, not to 
mention the saving of the court's time in hear­
ing additional evidence that would tend to 
prove the letter's receipt. 

An additional consideration in the creation 
of presumptions is fairness to the party with 
the burden of producing evidence on the 
issue. One who posts a letter, unless it is re­
turned as undeliverable, ordinarily has little 
means of ascertaining whether the letter was 
in fact received. If it is his or her burden to 
show the letter's receipt, it is only fair that he 
or she enjoy this presumption. 

Thousands of words have been spent in 
refining the definition and role of presump­
tion in the law.73 To understand the modern 
and generally held concept of presumptions, it 
is instructive to examine the work of the 
drafters of the California Evidence Code, 
which became law in 1967. California Evi­
dence Code, Section 600(a) defines a pre­
sumption as an "an assumption offact that the 
law requires to be made from another fact or 
group of facts found or otherwise established 
in the action." Section 600(a) also states "a 
presumption is not evidence." Also, Section 
140 of the California code limits "evidence" 
to matters "offered" as proof, thus rein­
forcing the notion that presumptions are not 
evidence . 

Just what is the effect of a presumption? On 
reflection, it should be plain that there are 
several ways a presumption can operate. It can 
serve to foreclose the issue, permitting no evi­
dence to be received that would tend to dis­
pute the presumed fact. This is called a "con­
clusive" presumption. The prevailing views, 
however, hold that a presumption is "rebut­
table" and operates either to shift the burden 
of production or burden of persuasion on an 
issue. 

As the passages set forth below indicate, the 
reason for presumptions affecting the burden 
of production is merely to further the policy 
of expediting the trial of cases, and presump­
tions are selected for this policy only if they 
serve no loftier policy, such as the policy of 



promoting the stability of titles. The California 

statute provides: 

A presumption affecting the burden of produc­
ing evidence is a presumption established to 
implement no public policy other than to facili­
tate the determination of the particular action in 
which the presumption is applied.74 

To advert to McCormick's rationale for pre­
sumptions, those affecting the burden of pro­
duction only are simply designed to dispense 
with superfluous proof. The drafters of the 
California Evidence Code adopted this reason­
ing: 

Typically, such presumptions [affecting the bur­
den of production] are based on an underlying 
logical inference. In some cases, the presumed 
fact is so likely to be true and so little likely to be 
disputed that the law requires it to be assumed 
in the absence of contrary evidence. In other 
cases, evidence of the nonexistence of the pre­
sumed fact, if there is any, is so much more 
readily available to the party against whom the 
presumption operates that he is not permitted to 
argue that the presumed fact does not exist 
unless he is willing to produce such evidence. In 
still other cases, thee may be no direct evidence 
of the existence or nonexistence of the pre­
sumed fact; but, because the case must be de­
cided, the law requires a determination that the 
presumed fact exists in light of common experi­
ence indicating that it usually exists in such 
cases.75 

On the other hand, a presumption affect­
ing the burden of persuasion (or "proof") is, 
in the words of the California Evidence Code: 

A presumption established to implement some 
public policy other than [merely] to facilitate the 
determination of the particular action in which 
the presumption is applied, such as the policy in 
favor of establishment of a parent and child 
relationship, the validity of marriage, the stabil­
ity of titles to property, or the security of those 
who entrust themselves or their property to the 
administration of others.76 
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The Official Comment to California Evidence 

Code, Section 605 helps to explain the nature 
of a presumption affecting the burden of per­

suasion, and those characteristics of policy that 
distinguish it from a presumption affecting 
merely the burden of production: 

Frequently, presumptions affecting the burden 
of proof [persuasion] are designed to facilitate 
determination of the action in which they are 
applied. Superficially, therefore, such presump­
tions may appear merely to be presumptions 
affecting the burden of producing evidence. 
What makes a presumption one affecting the 
burden of proof is the fact that there is always 
some further reason of policy for the establish­
ment of the presumption. It is the existence of 
this further basis in policy that distinguishes a 
presumption affecting the burden of proof from 
a presumption affecting the burden of produc­
ing evidence. For example, the presumption of 
death from seven years' absence (Section 667) 
exists in part to facilitate the disposition of ac­
tions by supplying a rule of thumb to govern 
certain cases in which there is likely to be no 
direct evidence of the presumed fact. But the 
policy in favor of distributing estates, of settling 
titles, and of permitting life to proceed normally 
at some time prior to the expiration of the 
absentee's normal life expectancy (perhaps 30 or 
40 years) that underlies the presumption indi­
cates that it should be a presumption affecting 
the burden of proof.77 

Thus, the furthering of some policy other than 
the policy favoring expeditious resolutions 
of lawsuits is the distinctive characteristics 
of a presumption affecting the burden of 
persuasion. 

In addition to the larger classification of 
presumptions called "rebuttable presump­
tions, " a separate but small category of "con­
clusive presumptions" is recognized in Cali­
fornia and several other jurisdictions. Conclu­
sive presumptions, again, are those that simply 
establish something as a given fact regardless 
of conflicting evidence. In effect, such pre­
sumptions are really substantive rules of law 
that the parties cannot contradict by introduc­
ing evidence. 
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33-9. PRIVILEGES 

The rules of privilege, like the rules excluding 
hearsay and irrelevant evidence, operate to 
exclude evidence from introduction in the 
courtroom. Unlike the rules of relevance and 
hearsay, however, these rules were not devel­
oped for the purpose of assuring the admis­
sion of only probative and. reliable evidence. 
On the contrary, evidence excluded because 
of a privilege often constitutes the most trust­
worthy and probative evidence on its point. 
Rather, the rules of privilege were shaped to 
protect certain confidential relationships from 
breach. In general, it may be said that the law 
deems the need for confidentially in certain 
relationships-marriage, for one-more im­
portant than the need for probative evidence 
at trial. 

When a privilege not to disclose informa­
tion exists, it applies to all phases of litigation. 
A client, e.g., who exercises the privilege not 
to disclose confidential advice from his or her 
lawyer cannot be compelled to divulge the 
information while testifying at trial, nor in 
response to interrogatories, nor during depo­
sition. 

It is useful at this point to characterize 
some of the specific privileges, such as the 
work-product and attorney-client privilege, 
which are common to most American jurisdic­
tions today, and describe the manner in which 
they are invoked. 

33-9-1. The AHorney-Client 
Privilege 

This privilege, long recognized by the com­
mon law, is not uncommonly interpreted by 
laymen too broadly, chiefly by the failure to 
distinguish between a client and consultant. In 
brief, it is the privilege that attaches to confi­
dential communications between lawyer and 
client. It is necessary to examine each element 
of that short definition. California Evidence 
Code, Section 952 contains a typical definition 

of a "confidential communication between 
client and lawyer": 

[I]nformation transmitted between a client and 
his lawyer in the course of that relationship and 
in confidence by a means which, so far as the 
client is aware, discloses the information to no 
third persons other than those who are present 
to further the interest of the client in the consul­
tation or those to whom disclosure is reasonably 
necessary for the transmission of the informa­
tion or the accomplishment of the purpose for 
which the lawyer is consulted, and includes a 
legal opinion formed and the advice given by 
the lawyer in the course of that relationship.78 

Thus, information conveyed by clients to their 
attorney in the presence of opposing parties to 
a negotiation is not privileged, nor is advice 
given by the lawyer in the presence of such 
persons. On the other hand, the presence of 
the attorney's secretary or clerk, who may be 
there for a purpose of assisting the lawyer 
while such communications are made, does 
not vitiate the privilege. 

Because of the difficulty of having to prove 
affirmatively that a communication was made 
in confidence, most jurisdictions indulge in a 
presumption that a communication made be­
tween an atttorney and client was a confiden­
tial one.79 It is then incumbent on the party 
who would compel disclosure to establish that 
no confidentiality attached to the communica­
tion. 

But it should not be thought-and this is a 
somewhat subtle point-that simply because a 
client communicates certain information to 
his or her attorney in confidence and in the 
course of the attorney-client relationship, the 
client is thereby immunized against having to 
testifY about that information. A person's 
knowledge of certain facts, which is not privi­
leged, does not subsequently become so sim­
ply by being communicated to a lawyer. Land 
surveyors who perform certain operations in 
the course of conducting a survey and are 
later sued for negligence should, to assure the 
best possible representation from their attor-



ney, explain thoroughly their actions in con­
ducting the survey. But by so disclosing these 
matters to their attorney, they are not thereby 
privileged from testifYing about them when 
called as a witness. Surveyors must testifY to 
their operations in the field and office, for in 
those respects they are merely testifYing to 
matters of which they have firsthand knowl­
edge. They may not be compelled to testifY as 
to what they told their lawyer-for that is 
protected by the attorney-client privilege-but 
if we assume that they told their lawyer the 
truth, it becomes simply a matter of the form 
of the question. The examiner may properly 
ask, "Please explain how you determined that 
this is the true location of the quarter-corner." 
The examiner may not ask, however, "Please 
tell the court what you told your lawyer about 
your determination of the true location of the 
quarter-corner.' , 

The concept of the "privilege-holder" is 
important in understanding the nature of a 
privilege. The holder of the attorney-client 
privilege, e.g., is the client, not the lawyer. If 
the client asserts his or her privilege, the lawyer 
may not breach the confidence and disclose 
the communication unless the legal services 
were sought or obtained to enable or aid 
someone to commit or plan a crime or fraud.80 

Conversely, if the client voluntarily waives his 
or her privilege, the attorney no longer has 
ground to refuse to disclose the matter in 
question. 

It should be plain that experts who are 
consulted by an attorney do not thereby have 
an attorney-client relationship, such that their 
communications are privileged. The "client" 
in such a situation is the person on whose 
behalf the attorney consulted the experts, not 
the experts themselves. These communica­
tions may nonetheless be protected by the 
attorney-client privilege, notwithstanding that 
the experts are not the clients of the attorney. 
If the true client has conveyed certain infor­
mation to his or her attorney that meets the 
requirements of the privilege, and the attor­
ney in turn discloses this information to the 
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experts, and if that disclosure ,. is reasonably 
necessary for the ... accomplishment of the 
purpose for which the lawyer is consulted," 
many jurisdictions hold that it is protected 
every bit as much as the original communica­
tion from the client to the attorney.8l Thus, if 
a client has consulted an attorney with respect 
to a property-boundary problem, and the at­
torney requires the advice or services of a land 
surveyor to properly counsel his or her client, 
such a communication would presumably be 
privileged. It should be pointed out that such 
communications between an attorney and ex­
pert are generally also protected by the attor­
ney's "work-product" privilege, discussed be­
low. One salient characteristic distinguishing 
the work-product privilege from the attorney­
client privilege, it should be noted, is that the 
holder of the work-product privilege is gener­
ally the attorney, not the client. 

33-9-2. The Privileges for an 
AHorney's Work 
Product: An Absolute 
and a Qualified 
Privilege 

The privilege for an attorney's work prod­
uct, longer recognized by the English courts82 

than the American courts, is too often con­
fused with the attorney-client privilege. One 
helpful way for experts to keep the two dis­
cretely in mind is to recall that this privilege, 
not the attorney-client privilege, may make 
their consultations to a lawyer privileged 
against disclosure. Also, as mentioned above, 
another distinguishing characteristic of the 
privilege is that its holder is the lawyer, not the 
client. But the point that ought to be im­
pressed is the reason and nature of this privi­
lege: to protect from disclosure the attorney's 
efforts in preparing cases so that clients have 
the benefit of thorough, considered prepara­
tion. Imagine the furtive doings of lawyers who 
feared that they could be deposed to tell all of 
the weaknesses in their cases. 



852 The Role of the Suroeyur in Land Litigation 

33-9-3. The Privilege Against 
Self-Incrimination 

It has long been established in America 
constitutional law that a defendant in a crimi­
nal case has a privilege (1) not to be called as a 
witness and (2) not to testifY. 

33-9-4. Other Privileges 

There are a number of other privileges, 
some created by statute and some by court 
decisions, that arise out of family or profes­
sional relationships. Among these are funda­
mental privileges, recognized in most jurisdic­
tions, that arise from the marriage relation­
ship, confidential communications between a 
patient and his or her physician, a clergyman 
and a penitent, and other relationships. Privi­
leges have also been recognized for such di­
verse matters as how one voted at a public 
election by secret ballot83 and for trade se­
crets. 84 Due to their limited applicability to 
land cases, these privileges are not discussed in 
detail here. 

33-10. JUDICIAL NOTICE 

It should, on reflection, seem self-evident that 
certain matters ought to require no formal 
proof. There are 365 days in a year; February 
has 28 days except in leap years; an event that 
occurred on December 25 occurred on Christ­
mas. These facts are said to be "judicially 
noticed"; their notoriety is such that the court 
will find them to be so, or direct the jury to, 
dispensing with the need for proof. 

But what are the limits of what a court may 
judicially notice, and what predicates are there 
for its taking notice of certain facts, without 
the usual strict requirements of proof? This 
subject, while seemingly simple, is nonetheless 
one of the most elusive subjects of evidence 
law. If this section of the chapter confounds 
more than it enlightens, perhaps it does so 

because the law of judicial notice is more 
perplexing than illuminating. So if the follow­
ing remarks raise more questions than they 
answer, perhaps they are apt. 

A beginning must be found somewhere, 
and perhaps the standard legal dictionary is as 
good a place as any. The definition of judicial 
notice contained in Black's Law Dictionary gives 
a glimpse of the concept of judicial notice, but 
as discussed below, is perhaps too restrictive by 
modern standards: 

Judicial Notice. The act by which a court, in 
conducting a trial, or framing its decision, will, 
of its own motion, and without the production 
of evidence, recognize the existence and truth of 
certain facts, having a bearing on the contro­
versy at bar, which, from their nature, are not 
properly the subject of testimony, or which are 
universally regarded as established by common 
notoriety, e.g., the laws of the state, international 
law, historical events, the constitution and course 
of nature, main geographical features, etc. 
[Citations.] The cognizance of certain facts which 
judges and jurors may properly take and act 
upon without proof, because they already know 
them. [Citation.] 

The true conception of what is "judicially 
known" is that of something which is not, or 
rather need not be, unless the tribunal wishes it, 
the subject of either evidence or argument. 
[Citation.] The limits of "judicial notice" cannot 
be prescribed with exactness, but notoriety is, 
generally speaking, the ultimate test of facts 
sought to be brought within the realm of judicial 
notice; in general, it covers matters so notorious 
that a production of evidence would be unneces­
sary, matters which the judicial supposes the 
judge to be acquainted with actually or theoreti­
cally, and matters not strictly included under 
either of such heads. [Citation.j85 

Some of the respects in which this definition is 
today unduly restrictive are these: (1) Judicial 
notice of certain facts may be obtained upon 
motion of a party, and not merely upon the 
court's own motion; (2) frequently even the 
production of evidence is required before ju-



dicial notice will be invoked; and (3) facts that 
are (a) susceptible of immediate and accurate 
determination and (b) not subject to reason­
able dispute may be judicially noticed in many 
jurisdictions, as much as facts that are already 
notorious. 

An 1896 California case, reported in the 
official judicial reports of that state, contains 
an account of the use of judicial notice. People 
v. Mayes86 was a prosecution for the theft of a 
steer. A witness for the defendant testified that 
he observed someone other than the defen­
dant steal the steer on the night in question 
"betwixt 9 and 10, I suppose." The judge in 
his charge to the jury instructed them that as a 
matter of judicial knowledge, the moon on 
that night rose at 10:57 PM. The defendant, 
trying to place the time of moonrise as early as 
possible, had sought by affidavit to show that 
the moon on the night in question rose at 
10:35 PM. The California Supreme Court, how­
ever, held that the judge, by consulting reli­
able calendars and almanacs, had properly 
taken judicial notice of the correct time of the 
rising of the moon.87 

This principle of judicial notice, as you 
have it, certainly seems so appropriate, so self­
evidently necessary for the efficient trial of 
cases, that its limits could be dictated simply by 
the exigencies of the individual case. This 
should be plainly seen, from the following 
example, not to be the case. A quite compara­
ble principle was invoked by the ecclesiastical 
jurists who presided at the trial of GaliIeo; 
then it was also invoked on a matter of astron­
omy. From The Times of London, October 23, 
1980, we have the report headlined "Vatican 
Is To Reexamine Galileo's Heresy." The short 
item reads: 

The Pop~ has called for a fresh inquiry "with 
full objectivity" into the case of Galileo, the 
great astronomer and mathematician impris­
oned by the Catholic Church in the 17th 
Century for being "vehemently suspected of 
heresy" [for having agreed with Copernicus that 
the earth revolves around the sun].88 
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The ecclesiastical court had but taken what we 
would call judicial notice that the sun revolves 
around the earth. 

This story should illustrate then not only 
the potential usefulness of judicial notice, but 
also the need for caution in its invoking. The 
determination of a court to take judicial no­
tice of facts is a matter of some discrimination, 
entailing distinctions not unlike those found 
in the formulation_of the hearsay rule and its 
exceptions, but more often overlooked. 

Those who are reflected on the rules of 
evidence thus far will be acutely aware of the 
need for a principle such as judicial notice to 
establish critical points of a case. The principle 
is elusive, however, and may be more readily 
understood from actual examples than ab­
stract statements of principle. With respect to 
the surveys and methods of disposal of the 
public lands, a broad variety of records of the 
General Land Office (GLO) and the Bureau of 
Land Management (BLM), including plats, 
field notes, etc., are subject to judicial notice.89 

Other documents of relevance to land and 
boundary cases that courts have traditionally 
noticed include topographic maps of the De­
partment of Interior,9o reports of the Califor­
nia Debris Commission and the u.S. Bureau 
of Reclamation,91 segregation surveys of swamp 
and overflowed lands (the government's offi­
cial record of those lands granted to the states 
by the Arkanas Swamp Lands Act of 1850),92 
and records, including hydrographic and to­
pographic surveys, for the National Ocean 
Survey (NOS) and its predecessor organiza­
tions (the U.S. Coast Survey and, later, the 
U.S. Coast and Geodetic Survey). 

Having considered the kinds of documents 
of which the courts have taken judicial notice 
and bearing in mind the rationale of the 
hearsay rule, we may now appropriately con­
sider whether the truth of matters asserted in 
such documents is judicially noticed equally 
with the documents themselves. That is to say, 
it is one thing to take judicial notice of the 
charts and descriptive reports of the U.S. Coast 
Survey; it is another to take judicial notice of 
the truth of all matters asserted within those 
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documents. In Beckley v. Reclamation Board, 
the California Court of Appeals in 1962 wrote: 

It is, of course, true that the courts take judicial 
notice of all matters of science and common 
knowledge, and of the reports of the California 
Debris Commission referred to above; that is to 
say, we take judicial notice of the fact that the 
reports were made, and of their contents. We do 
not, however, take judicial notice that everything 
said therein is true. These reports are based 
upon studies made by engineers with opinions 
and conclusions drawn from those studies. But 
engineers are not infallible, nor are all state­
ments contained in the reports, even those stated 
as facts, irrefutable. (If they were, then there 
could have been no justification for the Grant 
Report which modified the Jackson report, cor­
rected errors therein, and changed the physical 
plan [for a flood control project] in several mate­
rial respects where experience and further stud­
ies have proved earlier engineers' assertions of 
"fact" and their conclusions faulty .... ) To as­
sert the immutableness of statements in official 
documents would constitute abdication by the 
courts in favor of adjudication by engineering 
fiat. [Citations omitted.j93 

Needless to say, the distinction between tak­
ingjudicial notice of an official document and 
its contents and taking notice of the truth of 
matters asserted there is frequently lost. Courts 
frequently make findings of fact based solely 
on items contained in judicially noticed offi­
cial documents. Thus, as mentioned above, 
courts have found that the moon arose at a 
particular time because it was so reported in 
an official document. Curiously, it has been 
noted that .• nowhere can there be found a 
definition of what constitutes competent or 
authoritative sources for purposes of verifying 
judicially-noticed facts. ,,94 

33-11. THE OPINION RULE 

Ordinarily, witnesses must be shown to have 
personal knowledge of the matter they are to 
testify about (this personal knowledge is some-

times called the "foundational fact"), and they 
must confine their testimony to what they have 
perceived. Inferences from those perceptions 
are for the jury to draw. Stated conversely, the 
general rule is that witnesses may not testify 
about their opinions. This rule is an ancient 
one; at common law witnesses were to testify 
only to "what they see and hear." Wigmore 
quotes Lord Coke in 1622 writing, "[ilt is 
no satisfaction for a witness to say that he 
• thinketh' or . persuadeth himself '.96 

Legal commentators have written a great 
deal on what constitutes an "opinion," by 
which is meant a conclusion of inference, and 
of course on whether there ought to be a rule 
excluding such evidence. Is it an opinion, e.g., 
to say that a person was drunk? Is it an opin­
ion to say that a fence was not fit to keep stock 
off of land?97 The distinction between fact 
and opinion is a rarified one and, on reflec­
tion, appears perhaps to be purely artificial. 
To say there were "remnants" of a fence post 
is to draw a conclusion from certain observa­
tions; so is it to say that the fence post was of 
redwood; or that it was in a state of decompo­
sition from water saturation and not having 
been painted with preservative; or that the 
monument set in 1922 was to mark a property 
corner? In formulating a conclusion in each of 
these examples, the speaker considers not only 
what he or she actually saw, but also additional 
data from a personal store of knowledge. In 
the first example, the speaker recalls and con­
siders how fence-post remnants appear; in the 
second, considers what redwood looks like; in 
the third, considers the effects of not treating 
buried wood; and in the fourth, takes into 
account the acts of a certain land surveyor in 
1922. With the possible exception of what 
partly rotted wood looks like, much of this 
knowledge may not be shared by the popula­
tion at large. That is to say, were another to 
see what the witness saw, the testimony of that 
person might well be different. 

In the last statement of the hypothetical 
witness given above, he or she is uttering what 
most people "intuitively" know to be "opin­
ion" as opposed to fact. But to truly relate 



mere fact, in the sense of only what was ob­
served, the speaker would have to convey raw 
sensory data-perhaps not even in words. For 
there are no words to convey only what was 
perceived, unencumbered by data learned 
elsewhere-e.g., that an object with certain 
visual and palpable characteristics is wood. 
Until we learn to transmit raw sensory data 
directly from the observer to the trier of fact, 
it is perhaps helpful to bear in mind that the 
distinction between fact and opinion is artifi­
cial, though useful. 

33-12. EXPERT TESTIMONY 

The traditional exception to the common law's 
prohibition on opinion evidence was the testi­
mony of experts, which was originally permit­
ted only in the rarest of circumstances, when 
the expert's opinion was grudgingly felt essen­
tial to a decision. Today, the rules respecting 
the admissibility of an expert's testimony, 
whether in the form of an opinion or other­
wise, are codified in most jurisdictions. It is 
convenient then to consider two codifications 
of these principles. The Federal Rules of Evi­
dence, e.g., provide: 

If scientific, technical, or other specialized 
knowledge will assist the trier of fact to under­
stand the evidence or to determine a fact in 
issue, a witness qualified as an expert by knowl­
edge, skill, experience, training, or education, 
may testify thereto in the form of an opinion or 
otherwise.98 

California Evidence Code, Section 801, which 
is similar to the rules of most states, provides: 

If a witness is to testify as an expert, his testi­
mony in the form of an opinion is limited to 
such an opinion as is: 

(a) Related to a subject that is sufficiently 
beyond common experience that the opinion of 
an expert would assist the trier of fact. ... ,,99 
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33-12-1. Expert Nonopinion 
Testimony 

One noteworthy aspect of the federal rule is 
that it concludes the expert "may testify ... in 
the form of an opinion or otherwise." Certainly, 
land surveyors, when they have been qualified 
as an expert and other predicates have been 
shown, may testify that in their opinion the 
section corner in question was originally set at 
a certain location. It is certainly proper for 
surveyors, on other occasions, to testify to the 
customary surveying methods in seeking to 
recover original corners, the contents of appli­
cable instructions from the GLO to U.S. deputy 
surveyors, etc. Notwithstanding the nearly 
metaphysical problems associated with the dis­
tinction between opinion and fact, such mat­
ters are not what the law considers "opinions." 
However, they may be of even more value in 
enabling the trier of fact to reach a decision 
than the ultimate opinion of an expert, such 
as a land surveyor. In many cases, it may be 
unnecessary for the land surveyor even to ren­
der an opinion; it may suffice simply to relate 
to the court some segment of his or her store 
of specialized knowledge. 

33-12-2. A Precondition: the 
Need for Expert 
Testimony 

Whether an expert will be permitted to 
testify depends in the first instance on the 
need of the trier of fact to hear such testi­
mony: 

There is no more certain test for determining 
when experts may be used than the common 
sense inquiry whether the untrained layman 
would be qualified to determine intelligently and 
to the best possible degree the particular issue 
without enlightenment from those having a spe­
cialized understanding of the subject involved in 
the dispute. 1OO 

Both Federal Rule 702 and Section 801 of the 
California Evidence Code contain this require-
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ment. When expert testimony, whether in the 
form of opinion or not, is excluded, it is 
usually because it is unhelpful and therefore a 
waste of the court's time.lOl 

33-12-3. A Foundational Fact: 
The Expert's 
Qualifications 

To testify as an expert, whether to matters 
of opinion or merely matters within his or her 
specialized knowledge, such as scientific pro­
cedures, a witness must first be shown to be 
"qualified" to give such testimony. In a typical 
formulation of the required qualifications of 
an expert, Federal Rule 702 specifies that the 
requisite expertise may be the product of 
"knowledge, skill, experience, training or ed­
ucation." Most states describe expert qualifi­
cations in similar terms.102 Under these crite­
ria, it is certainly not a difficult matter to 
qualify a witness as an expert.103 

As a matter of procedure, the qualification 
of an expert is a "preliminary" or "founda­
tional" fact that must be determined by the 
judge, who is vested with a broad discretion in 
making such determinations. I04 The party of­
fering the witness as an expert has the burden 
of proving that the expert is qualified (i.e., 
unless the opposing party has acquiesced to 
the witness's testimony by failing to object). 
Ordinarily, the jury will not be informed of 
the fact that the court has determined the 
witness to be qualified as an expert.105 Obvi­
ously, a jury is not bound to accept the opin­
ion of an expert, and the weight to be given to 
the opinion is solely within the jury's 
province. 106 

In determining whether a witness is quali­
fied to testify as an expert, the trial judge 
typically considers the following kinds of fac­
tors: (1) the number of experts in the field; (2) 
whether the type of testimony involves gener­
ally recognized and related scientific fields; (3) 
whether claims of accuracy by the witness have 
been substantiated by accepted methods of 
scientific verification; (4) whether the expert's 
background, whether based on education, 

practical experience, etc., is sufficient to en­
able him or her to testify; and (5) whether the 
expert's background relates sufficiently to the 
type of testimony to be given.107 Proffered 
testimony of a land surveyor as to the custom­
ary practices of lending institutions, e.g., will 
most likely be found to be beyond his or her 
experience and, thus, inadmissible. 

An expert need not be academically trained 
in the subject matter of his or her expertise to 
be qualified to testify; the expertise may be the 
product of skill, experience, or training ob­
tained outside of an academic environment. 
In one California case, the testimony of an FBI 
expert who did not have a university degree, 
but did have considerable experience in 
fingerprint identification, was allowed. IOB In 
another, a product salesman was permitted 
to testify as to the value of the product, 
even though he was not an appraiser by pro­
fession. IOg In addition, there is no require­
ment that one be licensed to engage in the 
business in which he or she is expert in order 
to give expert testimony. It is conceivable, 
e.g., that one for whatever reason has never 
troubled to obtain a state license to practice 
land surveying may be an expert in corner 
recovery. 

33-12-4. The Bases for an 
Expert's Opinion 

Another topic of expert testimony that has 
received much attention is: What matters may 
experts properly use as the basis for their 
opinion testimony? Federal Rule 703 provides 
an answer: 

The facts or data in the particular case upon 
which an expert bases an opinion or inference 
may be those perceived by or made known to 
him at or before the hearing. If of a type reason­
ably relied upon by experts in the particular 
field in forming opinions or inferences upon the 
subject, the facts or data need not be admissible 
in evidence yo 

Essentially, then, experts may base their 
opinion on three sources of information. First, 



they may consider what they have perceived 
with their own senses. A treating physician 
testifying at a trial is an example of an expert 
relying on what he or she has perceived. Like­
wise, a land surveyor who has made a field 
survey has personal observations on which to 
base testimony. The second basis consists of 
facts made known to experts at or before the 
hearing. This kind of information is frequently 
presented to the exert in the form of the 
much maligned "hypothetical question." In 
this situation, expert witnesses are asked to 
assume as true a series of facts (evidence of 
which must, as a general rule, have been re­
ceived in court) and then to render their 
opinion on the basis of those assumptions. 
Finally, the experts may rely on matter that 
may be "reasonably relied on" by other ex­
perts in their area. Physicians, e.g., may rely 
on statements made to them by their patients 
concerning the history of their condition. lll 

In appropriate cases, the physician may also 
rely on the reports and opinions of other 
physicians. ll2 Experts on real property values 
may rely on inquiries they have made of other 
people, commercial reports, market quota­
tions, and relevant sales of which they have 
learned, for the purpose of rendering an opin­
ion on the value of property being con­
demned.1I3 

It should be noted that, under the latter 
category, experts may base their opinion testi­
mony on matters that, under other circum­
stances, would not be admitted in evidence 
because they constitute hearsay. For example, 
all the information obtained in the preceding 
example by the expert on real property values 
from other persons, commercial reports, etc. 
is hearsay. Are there any restrictions on ex­
perts' use of hearsay as a basis of their testi­
mony? There is no general rule that governs 
this issue, except the test whether it is accept­
able practice in the expert's field to rely on 
such statementsY4 

On what kinds of matter may land surveyors 
reasonably rely in their practice of land survey­
ing and thus use as a basis for their testimony 
in court? There are certain indispensible mat-
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ters, such as plats, field notes, contracts, and 
special instructions. for original government 
surveys, that are considered reasonable bases 
of opinions. Recognized texts (such as that by 
Bouchard and Moffitt) likely fall into this cate­
gory as well. In most circumstances, however, 
the determination must be made on a case-by­
case basis. If the surveyors attempt to locate a 
bearing tree noted in the field notes of an 
1869 survey and find nothing but new-growth 
trees in the terrain, may they rely on the 
community "reputation" of a devastating for­
est fire in 1940? May the rely on newspaper 
accounts of such a fire to account for the 
inability to find the bearing tree? Similarly, in 
an accretion-avulsion case, may they rely on 
newspaper or diary accounts of a great flood 
to form a basis for their opinion as to the 
manner in which a river changed its course. 
These are the kinds of questions that need to 
be pondered in advance by both the attorney 
and expert witnesses preparing to testify. It is 
largely a question of custom among experts in 
the particular field, and it is impossible to 
dogmatize about the kinds of matter that will 
be permissible bases for opinions in any par­
ticular case. 

33-12-5. Miscellaneous 
Observations on Expert 
Testimony 

It should be added that, contrary to an 
ancient and discredited, yet frequently re­
peated dictum, it is permissible for experts to 
give their opinion on an "ultimate issue" in 
the case. Thus, if the question in a trial is the 
true location of the original corner between 
sections 1, 2, 11, and 12, a qualified land 
surveyor may offer his or her opinion as to its 
location, notwithstanding that the issue is the 
ultimate question in the case.1l5 

Questions asking, "Is this possible that. .. ," 
while once of dubious propriety when posed 
to an expert, are now accepted in most juris­
dictions as proper.1l6 
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Many court decisions have addressed the 
proper scope of expert testimony to be given 
in land cases by surveyors and civil 
engineersY 7 In a California case requiring 
the location of the "high water mark" bound­
ary, the expert testimony of land surveyors 
that the water of the river had washed a 
smooth, visible line along the base of the river­
bank, below which it was devoid of vegetation, 
was held competent evidence. Il8 On the other 
hand, it has been held that a trial court erred 
in admitting the testimony of a surveyor that 
an arch projected less than 3 in. over the 
boundary line of a lot, when the survey was 
not actually made by the witness but rather by 
his employees, and when he was present only 
for a few minutes at the beginning of the 
survey, which took 6 or 7 hr.ll9 It is not 
possible to generalize about the circumstances 
in which an expert may testifY on the basis of 
work performed by subordinates, but this situ­
ation is always potentially troublesome and 
should be considered in advance of trial. 
Broadly speaking, the practice of having such 
work done by subordinates and the degree of 
supervision are salient factors in determining 
the admissibility of the testimony. 

In general, the testimony of a competent 
surveyor, who in surveying the location of a 
line followed the rules of the federal land 
office, is admissible to show the location of a 
disputed boundary line of a government sec­
tion.120 Also, as may seem obvious, the testi­
mony of a surveyor concerning the location of 
lands within a section is not made inadmissible 
simply because the surveyor did not survey the 
entire section, when no such survey was essen­
tial to locate the lands in question.121 

There are, as in all fields of law, anomalous 
cases. One court remarked, erroneously it 
seems clear, that opinion evidence of the loca­
tion of a boundary line is inadmissible. (That 
court did, however, hold that allowing such 
testimony was not a sufficient reason for rever­
sal.l22 ) Another court has similarly held that it 
was "harmless error" to allow the admission 
of testimony of a surveyor that his or her 
survey was correct and another was not.123 

33-13. PRETRIAL: THE DISCOVERY 
PHASE 

With this theoretical background, it is useful 
to look at some of the procedures leading up 
to the trial of a land case, focusing particularly 
on the "discovery phase" of the pretrial. It is 
frequently during this phase that land experts 
are consulted by one of the parties and be­
come participants in the discovery process. 

Discovery is a generic term used to describe 
pretrial procedures that enable each party to 
learn a number of things about their oppo­
nent's case. Through discovery, a party can 
learn the contentions an opponent makes, facts 
and witnesses known to the opponent, and 
documents in the opponent's possession. What 
follows is a brief discussion of the most com­
monly used discovery devices. It should be 
emphasized that to be effective, discovery must 
be conducted meticulously. Several examples 
will help to show how land experts, working 
with their attorney, can help to assure that 
discovery yields truly helpful information and 
is not squandered. 

33-13-1. Interrogatories 
Interrogatories are written questions one 

party asks of (or "propounds to") another 
party, which must be answered under oath. 
(They may not be sent to a witness who is not a 
party.) They may inquire whether the party 
makes a certain contention: "Do you contend 
that the corner common to township 3 south, 
range 2 west, and township 4 south, range 3 
west, Mt. Diablo base and meridian, as set by 
the Deputy U.S. Surveyor, has been obliter­
ated?" Interrogatories may ask what facts the 
opponent relies on for making a particular 
contention: "If your answer to the preceding 
interrogatory is in the affirmative, please de­
scribe all facts that you contend support your 
contention that the corner has been obliter­
ated." Interrogaories may inquire whether the 
opponent knows of any documents pertinent 
to the lawsuit: "Please identifY all documents 
that you contend support your contention that 



the corner has been obliterated." Interrogato­
ries are also used to learn the names and 
addresses of witnesses known to the other 
party: "Please identify by name and last known 
address all persons with knowledge of the sale 
of Blackacre by Mr. Green to Mr. Snowden." 

In land cases, the expert is frequently asked 
to help draft interrogatories to the opposing 
party and to respond to interrogatories served 
("propounded" again is the usual expression) 
by the opposing party. A cooperative effort by 
both the lawyer and expert generally will pro­
duce the best results; the lawyer will be most 
familiar with the legal issues and principles, 
whereas the land expert will know more of the 
technical, scientific, and practical aspects of 
the particular subject matter. Both are needed 
in preparing useful interrogatories. Take the 
interrogatory concerning the township corner 
used in the preceding example and suppose it 
read, "Do you contend that the corner com­
mon to [the description should be precise so 
that there is no question what corner is re­
ferred to] is lost or obliterated?" Your oppo­
nent responds, "Yes." At this point, you do 
not know whether the opponent contends the 
corner is obliterated or he or she contends it 
is lost. This problem may be the result of poor 
drafting (usually the fault of the attorney) or 
ignorance of the distinction between a lost 
and an obliterated comer {about which the 
expert could have educated the attorney).124 
In other instances, the land expert may be 
able to suggest whole lines of inquiry that, 
otherwise, would remain unknown to the 
lawyer. 

Of interrogatories and discovery mecha­
nisms in general, it can be said that the scope 
of permitted inquiry is far broader than the 
limits of relevance at trial. At trial, evidence 
and testimony must be "relevant," which for 
that purpose is defined as tending to prove or 
disprove a fact in issue. During discovery, on 
the other hand, a matter is "relevant" if it 
pertains "to the subject matter of the action" 
or is "reasonably calculated to lead to the 
discovery of admissible evidence."125 The mat­
ter inquired into during discovery need not be 
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relevant to "the issues" so long as it is relevant 
to the "subject matter" or is reasonably de­
signed to lead the inquiring party to evidence 
that he or she could introduce at trial. Also, it 
is permissible in discovery to elicit hearsay 
evidence, whether there is an applicable ex­
ception or not.126 To object to an interroga­
tory of deposition question on the ground that 
it asks for hearsay (and further, to refuse to 
answer it for that reason) is to invite a judge to 
impose "sanctions"-a monetary penalty-as 
well as award your opponent his or her costs 
and attorneys fees in securing an answer. 
However, while it is no objection to a discov­
ery inquiry (such as an interrogatory) that the 
question calls for hearsay, information that is 
protected by a privilege is protected from dis­
closure during discovery to the same extent as 
during trial. 

33-13-2. Depositions 

A deposition is a discovery device by which 
the oral testimony of a witness, under oath, is 
taken before a shorthand reporter, who later 
transcribes the testimony. A deposition may be 
taken of a party or nonparty witness, so long as 
the witness is within the geographic limits of 
the court's subpoena power. It is usually taken 
in the office of the attorney who wishes to 
take the deposition. Unlike trial, there is no 
judge present to rule on objections during a 
deposition. 

A deposition, like interrogatories, also dif­
fers from courtroom testimony in that the 
scope of relevance is much broader than at 
trial. The witness may even give hearsay testi­
mony that would be inadmissible at trial, so 
long as the testimony is "relevant to the 
subject matter of the action," or "calculated 
to lead to the discovery of admissible 
evidence." 127 

Occasionally, an impasse develops during a 
deposition, and when the witness's attorney 
instructs the witness not to answer a particular 
question, and the attorney asking it insists on 
an answer. Since no judge is present, such 
disputes must be taken to court for a decision 
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whether the witness must respond. Occasion­
ally, the deposition is interrupted at this point 
to allow the attorneys to argue the matter 
before a judge promptly, sometimes in a mat­
ter of days. If the question is not critical to the 
balance of the testimony, however, the deposi­
tion may continue on other points, with the 
dispute to be argued later, or the disputed 
question may be ignored. The witness, of 
course, should always follow his or her attor­
ney's instruction when told not to answer. 

It is not often that experts being deposed 
will be instructed by their attorney not to 
answer a question. Such an instruction not to 
answer is usually based on the assertion that 
the information asked for is privileged, and 
ordinarily the only such privilege attaching to 
information in the expert's possession is the 
attorney's work-product privilege. But for most 
purposes, that privilege is waived when the 
experts are identified as potential witnesses for 
trial, and their discussions and correspon­
dence with their attorney are usually then 
subject to discovery. It is more often the case 
that witnesses are instructed not to answer 
when the witnesses are the clients themselves, 
and the questions concern information pro­
tected by the attorney-client privilege. On rare 
occasions, witnesses will be instructed not to 
answer because the inquiry has strayed from 
the bounds of discovery relevance. 

Invariably, surveyors and other experts who 
are to testify in a land case will be deposed 
before trial. (Obviously, it can be rather haz­
ardous for an expert to testify at trial if the 
corresponding expert who will testify for the 
opposing party has not been deposed. The 
best experts in any field can never be certain 
they have overlooked nothing, that there is no 
plausible way other than their own of inter­
preting the evidence.) The deposition of an 
expert is taken-i.e., the questions are asked 
by the opposing attorney. The surveyor's own 
attorney will seldom ask questions during a 
deposition, for he or she has nothing to "dis­
cover." 

The deposition of a land surveyor, or any 
expert witness for that matter, generally covers 

a predictable range of topics, although not 
necessarily in predictable order. The witnesses 
are asked their qualifications: education, 
membership in professional associations, num­
ber of years in practice, work experience, pro­
fessional journals subscribed to, etc. If the case 
concerns the location of a water boundary, the 
deponents may be asked how many such prob­
lems they have encountered during their ca­
reer. If the witness is a civil engineer, he or 
she is frequently asked what percentage of the 
practice is devoted to land surveying. 

Next, the witnesses will typically be asked 
about their substantive preparation for trial: 
(1) Specifically, what have they been asked to 
do in connection with the case? (2) In carrying 
out their assignment, what materials have they 
reviewed and what investigations made? (3) 
What are their conclusions (opinions)? And (4) 
what reasons do they have for their conclu­
sions? 

Obviously, in a complicated case, a thor­
ough deposition of a land expert, which fully 
covers these four broad areas, may take days. 
The response to the simple question, "What 
materials have you reviewed in the course of 
your work on this case?" may alone take many 
hours. Almost invariably, the witness is re­
quired to being his or her deposition all such 
materials (or copies of them). The attorney 
deposing the witness, if thorough, will ask the 
witness to identify each document, map, etc. 
and explain its contents and relevance to the 
case. Each item will be given an exhibit num­
ber (plaintiffs exhibit 1, etc.) and made part 
of the record of the deposition. 

Preparing to testify at a deposition is as 
essential as preparing to testify at trial. Experts 
will want to adduce every fact and document 
they have examined and be able to articulate 
clearly the reasons for their opinions, for if the 
attorneys have taken the depositions skillfully, 
they will take care to press the witnesses at 
every point for a definitive answer: "Are there 
any other materials you have reviewed in the 
course of your investigation, which you have 
not identified? .. Are you certain? .. If you 
later recall any you may have forgotten today, 



will you notifY me promptly?" Or, "You have 
stated three bases for your conclusion. Do you 
have any other reason for your conclusion? Be 
certain now-these three only?" If at trial, 
surveyors produce a survey that they did not 
have at their deposition or state an additional 
reason for their conclusion, they may be in for 
some rough moments. The opposing attorney 
may try to make it appear the new information 
was deliberately withheld or recently fabri­
cated. 

On the other hand, the deposition may be 
conducted in an unskillful or un thorough 
manner. In this regard, the witnesses should 
recall that they are obligated only to answer 
the questions asked. If the attorney neglects to 
inquire into a critical point or press for a 
witness's reasoning, the witness has no obliga­
tion to volunteer information. For this reason, 
most attorneys instruct their own witnesses who 
are about to be deposed to listen carefully to 
the question asked and answer that question 
only. 

Land experts are frequently-and pru­
dently-asked to help their attorney prepare 
to take the deposition of the opposing party's 
expert. The attorney may have little or no 
experience with land or boundry problems 
and, thus, may need a healthy does of educa­
tion. On the other hand, the attorney may be 
well versed in the mathematics entailed, but 
have little knowledge of the historic practices 
of the GLO, e.g., or rules respecting restora­
tion of lost corners, or the method of capitaliz­
ing income. Even when knowledgable about 
the subject, the attorney will usually find sug­
gestions of his or her expert helpful, much as 
the suggestions of a law partner on procedural 
or tactical aspects of the case. The expert 
should always suggest that the attorney inquire 
further into those areas that the expert finds 
troubling or unclear. The deposition will 
probably be the only occasion before trial to 
learn what the opponent's expert has found or 
concluded on the subject. 

Depositions, of course, are primarily a dis­
covery device-i.e., a technique to learn what 
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a witness, whether a party or not, may know 
about the case, or about matters affecting the 
case. They do have other uses, however. Ordi­
narily, depositions may not be read at trial, 
since the witnesses themselves should testifY. 
But if witnesses contradict their deposition tes­
timony, they may be confronted with it. Also, 
if the witnesses have died or are otherwise 
unable to be produced for trial (as when they 
live beyond the court's subpoena power and 
refuse to come voluntarily), on proof of their 
unavailability their deposition may be used at 
trial. 

33-13-3. Requests for 
Admissions 

The request for admissions is another dis­
covery tool the expert may be asked to help 
prepare. It is frequently the last-used discovery 
device and is designed to eliminate uncontro­
verted issues of fact and expedite the conduct 
of trial. Like a set of interrogatories, a request 
for admissions is a written document sent to 
the opposing party. It may request that the 
opponent admit the genuineness of a docu­
ment (recall that a document must be shown 
to be authentic before it may be introduced 
into evidence) or truth of the statement. 

As was explained earlier, the first require­
ment for the admissibility of a document is a 
showing that it is genuine-e.g., that it in fact 
is the plat of the survey in question, the letter 
it purports to be, etc. Even in a relatively 
uncomplicated boundary case, there may be 
scores of documents that a land surveyor and 
his or her attorney will seek to introduce at 
trial. The request for admissions may obviate 
the need for proof of the genuineness of these 
documents at trial. 

The party to whome the request is sent has 
a specified time to admit or deny the genuine­
ness of each document, usually 30 days.128 If 
he or she admits the genuineness of a particu­
lar document, there will be no need to estab­
lish the document's authenticity at trial. If the 
genuineness is denied and the document is 
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shown at trial to be authentic, the party who 
denied the authenticity may be held liable for 
the cost of establishing it, even though he or 
she may have won the lawsuit. These costs can 
be substantial, particularly when proving the 
authenticity of a document requires produc­
ing a witness who lives a great distance from 
the site of the trial. 

The request for admissions can also be used 
to establish matters of fact. Suppose one issue 
in a lawsuit is the correct location of a section 
corner, another the date of death of a certain 
man, and another the prestatehood status of 
the state of California. An attorney seeking to 
streamline the case presentation might pro­
pound requests for admission in the following 
form: 

Request for Admission of Fact No.1. Do you admit 
that the correct location of the northwest comer 
of section 1, T.IS., R.24W., Gila and Salt River 
Meridian, as set by United States Deputy Sur­
veyor John A. Barry in 1902, is as shown on 
Exhibit A attached hereto? [Exhibit A is a plat of 
a survey conducted by the surveyor for the pro­
pounding party, showing his placement of the 
comer in question.] 

Request for Admission of Fact No.2. Do you admit 
that Gideon Lightfoot, whom you assert to be a 
predecessor in interest of Plaintiff, died on Au­
gust 4, 1912? 

Request for Admission of Fact No.3. Do you admit 
that prior to its admission to statehood on 
September 9, 1850, the State of California had 
never enjoyed the status of a territory of the 
United States of America? 

If a request for admission is admitted, there 
will be no need to establish the fact at trial; 
the attorney will instead read the admission to 
the jury or judge. On the other hand, if the 
request for admission of fact is denied, the 
truth or falsity of the fact in question will be 
resolved at trial based on the evidence pre­
sented. And, as mentioned above, if the fact is 
established at trial, the denying party may be 
charged with the cost of proving the fact. This 
economic incentive naturally tends to cause a 
party to take seriously a request for admission. 

33-13-4. Inspection of Land 

Another discovery device that is frequently 
employed in land cases is the request to in­
spect property. In many states, land surveyors 
do not require permission of landowners to 
enter their property when the surveyors are 
conducting a survey.129 In jurisdictions where 
a surveyor does not enjoy this privilege, it will 
be necessary for the attorney to request that 
the surveyor be allowed onto the property. If 
the request is denied, the court will invariably 
order that the surveyor be allowed to enter the 
property, unless the request is clearly frivolous. 
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1940) quoting from Adams v. Canon, Dyer 
53b. 
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97. Such testimony was held inadmissible in Bal­
timore & O.R. Co. v. Schultz, 43 Ohio 270, 1 
N.E. 324 (1885). 

98. Fed. R. Evid. 702. 

99. Cal. Evid. Code, §801. 

100. Ladd, Expert Testimony, 5 Vand. L. Rev. 414, 
418 (1952). 

101. See 7 Wigmore on Evidence, §1918. 

102. See, e.g., Cal. Evid. Code, §720. 

103. The relative ease with which such qualifica­
tions can be established is shown by the Cali­
fornia cases of Moore v. Belt, 34 Cal. 2d 525 
(1949); Hyman v. Gordon, 35 Cal. App. 3d 
769, (1973); and Brown v. Colm, 11 Cal. 3d 
639 (1974). 

104. Cal. Evid. Code, §405; see Putensen v. Clay 
Adams, Inc., 12 Cal. App. 3d 1062, 1080 
(1970); People v. Murray, 247 Cal. App. 2d 
730,735 (1967). 

105. Cal. Evid. Code, §405. 

106. See, e.g., California Jury Instructions, Civil, 
5th ed., No.2. 40. 

107. See People v. King, 266 Cal. App. 2d 437, 
443-445 (1968), in which voice prints and 
testimony relating to them were rejected. 

108. People v. Stuller, 10 Cal. App. 3d 582, 597 
(1970). 

109. Naples Restaurant, Inc. Corberly Ford, 259 
Cal. App. 2d 881, 884 (1968). 

no. Fed. R. Evid. 703. 

111. People v. Wilson, 25 Cal. 2d 341 (1944). 

112. Kelley v. Bailey, 189 Cal. App. 2d 728 (1961). 

113. Betts. v. Southern Cal. Fruit Exchange, 144 
Cal. 402 (1904).; Hammond Lumber Co. v. 
County of Los Angeles, 104 Cal. App. 235 
(1930); Glantz v. Freedman, 100 Cal. App. 
611 (1929). 

114. That these determinations must be made on 
a case-by-case basis was noted in Board of 
Trustees v. Porini, 263 Cal. App. 2d 784, 793 
(1968). 

115. See Fed. R. Evid. 704; Cal. Evid. Code, §805. 

116. See, e.g., Bauman v. San Francisco, 42 Cal. 
App. 2d 144 (1940); in Ref.F., 268 Cal. App. 
2d 761 (1969); Cullum v. Seifer, 1 Cal. App. 
3d 20, 26 (969). 
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117. See, e.g., Richfield Oil Corp, v. Crawford, 39 
Cal. 2d 729 (1952). 

118. Mammoth Gold Dredging Co. v. Forbes, 39 
Cal. App. 2d 739 (1940). 

119. Hermance v. Blackburn, 206 Cal. 653 (1929). 

120. Porter v. Counts, 16 Cal. App. 241 (1911). 

121. Heinlen v. Heilbron, 97 Cal. 101 (1892). 

122. Andrews v. Wheeler, 10 Cal. App. 614, 618 
(1909). 

123. Tognazzini v. Morganti, 84 Cal. 159 (1890). 

124. See generally, State of California v. Thomp­
son, 22 Cal. App. 3d 368 (1971). 

125. See, e.g., Cal. Civ. Proc. Code, §2030; Fed. R. 
Civ. P. 33. 

126. Cal. Civ. Proc. Code, §§2016(b); 2030(c); Fed. 
R. Civ. P., §26(b). 

127. See, e.g., Cal. Civ. Proc. Code, §§2019, 2030. 

128. See, e.g., Calif. Civ. Proc. Code, §2033; Fed. 
R. Civ. P. 36(a). 

129. See, e.g., Cal. Civ. Code, §846.5. 

REFERENCES 

BRISCOE, J. 1984. Surveying the Courtroom. A guide to 
evidence and civil procedure. Rancho Cordova, 
CA: Landmark Enterprises. 

BROWN, C. 1994. Evidence and Procedures for Boundary 
Location. 5th ed. New York: John Wiley & Sons. 



34---
Courtroom Techniques 

Walter G. Robillard 

34-1. INTRODUCTION 

After all phases of surveying, mapping, and 
other related activities are completed, individ­
uals who are engaged in surveying and map­
ping sciences may find that their work is just 
commencing. Whether the individuals con­
ducted a boundary survey, a building stakeout, 
or prepared a topographic or planimetric map, 
the product may be questioned by the client 
or a third party who had no pecuniary interest 
in the original job. As a result, professionals 
may be embroiled in a legal action, either as a 
party or witness defending their work for the 
client or explaining their actions. In either 
situation, their professional qualifications and 
capabilities will be questioned and "hung out 
to air" for all to see and evaluate. 

The proper preparation for courtroom 
techniques begins with the start of the initial 
surveyor job. No amount of courtroom ma­
neuvering or tactics can explain away a poor 
surveyor partially completed job, yet those 
who work will at one time or another be called 
on to explain their work before a tribunal. In 
any completed job, surveyors will be either 
defending their work, using the legal system as 
a shield to defend themselves from others, or 

using the system as a sword to thrust at their 
opponent. 

This chapter will look at two phases of 
courtroom techniques. 

34-2. PRETRIAL INVOLVEMENT 

The question of pretrial involvement depends 
on which party the surveyor has been asked to 
represent or the nature of the involvement. If 
the litigation is initiated as a result of a survey 
conducted by the surveyor and his or her 
client initiates the cause of action, the sur­
veyor will appear for the plantiff. All states and 
the federal code state, "A civil action is com­
menced by filing a complaint with the court." 1 

Although the complaint is a legal action, it 
is to the client's benefit that the attorney and 
surveyor work as a team. The original com­
plaint should contain all the causes of action. 
Although it is compiled and filed by the attor­
ney, this does not preclude the surveyor from 
having input into its preparation. Any knowl­
edgeable attorney knows that all the major 
issues should be addressed, because it may be 
difficult to amend a complaint at a later date. 
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34-3. IN REM 

Since many of the actions are in rem} against 
the land, it is important that the land in ques­
tion be properly described. Then, if there is 
any question as to title, the plantiff must re­
cover on the strength of his or her title and 
not the weakness of the defendant's title. Or 
the plantiff may seek equity.3 It is important 
that the surveyor understand the elements of 
partitioning, adverse possession, agreement, 
acquiescence, and riparian. These should be 
properly raised in the complaint. 

Since land litigation is initiated in the situs 
or location, usually county, where the land is 
located, it becomes important that the sur­
veyor inform the attorney of any unique situa­
tions, such as the land being located in two or 
more counties. This situation provides the at­
torney to forum shop to seek the best county 
for litigation.4 

34-4. COMPLAINT 

The original complaint must contain a brief 
statement of all possible claims. Once the ini­
tial complaint is filed and served, the discovery 
process is initiated. It is at this time that the 
defendant may seek to file a cross action or 
counterclaim. Since a cross action is an action 
brought by the defendent against the party 
who is plantiff and on a cause of action grow­
ing out of the same transaction that is in 
controversy,5 the defendant's or plaintiff's sur­
veyor may once again find his or her work or 
decisions being questioned. The surveyor for 
the defendent should be in a position to ad­
vise his or her client and the client's attorney 
relative to descriptions, surveys, and title. 

Hand in hand, surveyors may find them­
selves a party to a counterclaim. The counter­
claim's sole requisite is to diminish or defect 
the plantiff's demands or claims.6 This could 
result with the surveyor becoming a party in 
his or her own right. If the action were initi­
ated by the plaintiff as a result of a survey 

performed for the defendant by the surveyor, 
the defendant in turn can say, "If I am held 
responsible for legal actions or for damages as 
a result of work performed for me, by you, I 
will seek any damages the plaintiff collects 
from me, for you." The defendant will seek to 
collect any reward to the plaintiff from the 
one who performed the survey. 

Precluding any cross claims or counter­
claims, the surveyor can be very helpful to the 
defendant in drafting his or her answer. Here 
the surveyor should be asked to read and 
determine the adequacy of any descriptions in 
the complaint for completeness and adequacy. 
The surveyor's comments should be sought as 
to lines and evidence of possession. 

34-5. DISCOVERY 

Discovery is defined as "the ascertainment of 
that which is previously unknown; the disclo­
sure or coming to light of that previously 
hidden; the acquisition of knowledge or 
facts." 7 

Federal Rule 26(b)(I) provides that discov­
ery is 

... Any matter, not privileged, which is relevant 
to the subject matter involved in the pending 
action .... 

This provides that one party can seek all 
available information or evidence as possible 
from the other party. The same rule provides 
for the production and inspection of evidence, 
will give access to documents, and the power 
to test and sample and to enter on land for 
inspection and to survey. 

Along these lines, you may encounter the 
deposition. Plainly put, you may be deposed to 
find out what you known, what you did, what 
you do not know, and what you did not do. It 
becomes a legal fishing trip. A deposition may 
be written or oral. Usually it is oral, but it is 
part of the complete discovery process. If 
properly used, it can be one of the most effec-



tive discovery tools available to the attorney. A 
deposition may be taken from any per­
son-e.g., a party to the legal action or even a 
potential witness. Depositions can serve a 
twofold purpose. They may be used to dis­
cover, but can also be an effective tool to 
preserve testimony. Since depositions are con­
sidered as extrajudicial, they usually can not 
be used as evidence at the trial, except in 
certain instances when the witness is not avail­
able or his or her testimony is to be im­
peached. 

34-6. DEPOSITIONS 

If you are asked to give a deposition, it is 
highly recommended that an attorneyaccom­
pany you. In most instances, attorneys will try 
to "beat" their opponents to depositions. This 
can be good or bad. If your attorney, on the 
other hand, is to depose a second surveyor, 
your attorney should seek your input on form­
ing suitable questions. A deposition can be a 
success or failure. If you give a deposition or 
even help to frame questions, there should be 
defined goals. What is it you want to keep the 
other party from discovering; what is it you 
want to discover; and what is your opponent 
trying to discover? When an attorney deposes 
a surveyor, he or she should have the follow­
ing five goals or objectives in mind:8 

1. To gain information, including the identity 
and location of sources of information 

2. To preserve testimony for possible use dur­
ing trial 

3. To find out the depth of the information the 
witness knows, both about his or her own 
case and yours 

4. To commit the deponant to a version of the 
facts from which he or she cannot later 
deviate so as to adapt to a changed complex­
ion of the case 

5. To confront the party to be examined with 
damaging evidence, or otherwise show the 
party the weakness in his or her case, thereby 
inducing the party to drop the case or seek 
a favorable settlement 

Courtroom Techniques 869 

In gIvmg depositions, surveyors may find 
that their attorney may devastate them; the 
attorney preserves his or her objections i.e., 
puts them off until the end. Considerable time 
and trouble may be saved by attorneys if they 
request certain procedures, but they in turn 
may cause future harm to the surveyor by: 

1. Stipulation on signature. This provides for 
waiving of the witnesses' signature. Neuer do 
this. Always read and then sign. Neuer waive. 

2. Stipulation of fact. Think before you stipu­
late any fact. You may lose a lot and gain 
nothing. 

3. Exhibits. You may use exhibits. Do not stipu­
late exhibits. Have them identified for future 
use. 

Item 2 can have serious implications here at 
trial if the attorney states, "We wish to stipu­
late that]. Smith is an expert witness in survey­
ing." This can have a twofold effect. One 
stipulation that the surveyor is an expert will 
keep any of his or her qualifications from the 
record. In doing this, the judge and/or jury 
will never hear the surveyor's qualifications in 
relation to the other witnesses. Of course, this 
could help in that if your qualifications are 
stipulated, the opposite party cannot object at 
a later date. The proper methods must be at 
the discretion of your attorney. By stipulating 
you give up, but get nothing in return. You are 
limiting your potential to do future damage.9 

In item 3, if you stipulate as to exhibits and 
their meaning, you can offer testimony, and 
the individual who reads your deposition will 
be able to correlate your exhibits to your 
testimony. 

A competent attorney will prepare you for a 
deposition. This should include an explana­
tion as to who will be present and the role of 
each individual. During a deposition, your at­
torney may object to a question asked of you 
and will direct you to either answer it or 
remain quiet and not answer. If directed to 
remain quiet, do not answer the question. The 
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opposing attorney may become demanding, 
hut do not answer. Follow the instructions of 
your attorney. In this "play," your attorney is 
the director. You are simply the actor. 

Your attorney will be permitted to cross­
examine you, but for the most part it will only 
be to clarify some vague point or expand on 
some chain of thought that was omitted.lO 

Some suggestions for a deposition include: 

1. Rely on your attorney. Do not do it alone. 
2. Know the ground rules for the deposition. 
3. Tell the truth. Even when asked if you have 

talked with your attorney or client. 
4. Answer only the questions asked. Do not 

offer. 

5. Relate only to facts. Do not speculate, give 
opinions, or make inferences. Do not use 
"I think," "I guess," or "maybe." 

6. Do not interject humor. 
7. Watch for trick questions of opinion. Al­

ways see the documents. 
8. Understand the case. Read the complaint 

before you come. 
9. Be professional at all times. 

10. Rely on your attorney. Do not do it alone. 

The depth and scope of questions in a 
deposition are usually more broad than those 
asked at trial. Since a major purpose of a 
deposition is for discovery that will lead to 
evidence, deposition questions are not trial 
questions for purposes of proving one's case. 
When you give a deposition, do not try to 
prove your position or argue as you would in 
court. The attorney simply wants to probe, 
punch, and probe again in an attempt to find 
any weaknesses in your case and your testi­
mony. 

34-7. THE TRIAL 

In any trial, the winning team is the one in 
which the attorney, as captain, knows each 
player's strengths and weaknesses. The attor­
ney capitalizes on the strengths and protects 

the weaknesses. He or she should draw a game 
plan, placing you in position where you would 
best fit in. 

Regardless of your position, you, the sur­
veyor, must be used by the attorney, and you 
must remember that you are playing the attor­
ney's game-according to the attorney's rules 
-and in the attorney's ballpark. You will not 
be permitted to inject any of your rules or 
even complain of a foul. 

34-8. EXPERT CATEGORIES 

An attorney who uses an expert will place him 
or her into one of three categories, as follows: ll 

1. The expert who will be used at trial 

2. The expert who is a consultant, but who will 
not be used at trial 

3. The expert who has relevant knowledge or 
he was an actor or viewer, or she may have 
been involved, but will not testify 

If you are to be used as an expert witness at 
trial, your attorney may be requested to "list" 
your name or identify you during discovery 
but is under no obligation to identify you as an 
expert if not requested to do so. Your attorney 
must be asked. Since discovery can be limited 
to include trial witnesses, it is important that 
each witness to be used at trial be identified at 
an early stage. Only a poor attorney will at­
tempt to establish or build a case on the 
opponent's experts. 

Once you are identified as an expert wit­
ness, then the opposition can commence dis­
covery on you. Your attorney or client may 
have spent large sums of money and time in 
conducting surveys, then under the rules of 
discovery, all this information is discoverable 
and available to the opposition for a very small 
cost on their part: the cost of the deposition 
and reproduction of copies. 

When an attorney desires more than just 
basic facts and opinions, he or she may resort 
to Federal Rule 26 (bX4)(A)(ii). The court will 



require a fair return for your time,12 and the 
wise deponant will require this in advance of 
the deposition. The opposing attorney will use 
many methods to limit the cost of the deposi­
tion to his or her client, while charging a fee 
for time. 

In Lewis vs. United Air Lines Transporta­
tion Corp., 32 F. Supp. 21, 23, the court stated: 

To permit a party by deposition to examine an 
expert of the opposite party before trial, to whom 
the latter has obligated himself to pay a consid­
erable sum of money, would be equivalent to 
taking property without making any compensa­
tion .... 

Your attorney may decide to seek your help 
as an expert, but not use you at the time of 
trial. As those of an expert, your view may be 
sought for advice or to interpret data. 

However, the opposing counsel may ask the 
court to permit you to "speak." The court will 
look to the aspect that the party seeking the 
information cannot obtain the facts, opinions, 
or evidence relative to the subject matter from 
any other means. If this testimony is permit­
ted, the party seeking discovery must pay you 
as an expert and should pay your client a fair 
portion of the fees and expenses that are 
incurred due to the discovery. 

In this category will fall that expert who is 
(1) informally consulted, as distinguished from 
one "who has been retained or specially em­
ployed by another party in anticipation of liti­
gation or preparation for trial"; (2) a regular 
employee of the party; or (3) formally retained 
to help in preparation of the trial, but whose 
testimony will not be used at trial. 

The 10th Circuit Court in Ager v. Jane C. 
Stormont Hospital 622 F.2d 496 (1980), estab­
lished guidelines when it wrote: 

In our view, the status of each expert must be 
determined on an ad hoc basis. Several factors 
should be considered: (1) the manner in which 
the consultation was initiated; (2) the nature, 
type and extent of information or material pro­
vided to or determined by, the expert in connec-
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tion with his review; (3) the duration and inten­
sity of the consultative relationship; and (4) the 
terms of the consultation, if any (e.g., payment, 
confidentiality of. .. data or opinions, etc.) Of 
course, additional factors bearing on this deter­
mination may be examined if relevant. 

34-9. SURVEYOR'S PREPARATION 

As no player would consider playing any game 
of combat without adequate practice, no sur~ 
veyor should consider offering testimony with­
out the same. Depending on the magnitude 
and complexity of the case, certain basic fun­
damentals must be observed. We must realize 
it is the attorney who leads the presentation, 
yet the surveyor should insist that at least one 
meeting be held prior to trial to discuss the 
facts and strategy. A courtroom is no place to 
hold a "surprise party." The attorney should 
explain the trial plan and how testimony will 
be used in the overall plan. This will also 
assure that the attorney understands your tes­
timony. This visit should include a complete 
examination of all the exhibits and record 
documents. Make certain that you understand 
the documents you will use. Once you testify 
in error to one of your own documents, your 
credibility is certainly questioned by the jury 
and you will provide the opposition additional 
cross-examination impeachment data. You 
should feel comfortable with all your exhibits 
and documents when your refer to them in 
the course of the trial, Most attorneys compile 
a trial notebook in which they identify their 
plan, the witnesses, exhibits, including antici­
pated problems of authentication and admissi­
bility. As a witness, you should also prepare 
your own list of exhibits and keep it handy for 
reference and any problems you anticipate. 
Uncertainty and unfamiliarity with your ex­
hibits and documents may weaken and dis­
credit your testimony, and will make you 
appear unprofessional. 

In most instances, testimony relative to past 
surveys and past events will be the norm of the 
trial. These events may have occurred well in 
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the past. In order to make your testimony 
more creditable, a visit to the area just prior to 
trial is a necessity. This visit should be made 
with all the documents, in hand, and closely 
examined. Such a visit will serve to refresh 
your memory as to the small facts that you may 
have forgotten. With the documents in hand, 
close your eyes and place yourself in the time 
frame when the notes were made. Make a 
sincere effort to picture the scene, as it was, 
noting the relationship of all the objects, peo­
ple, events, and conversations. If other people 
are involved it would be logical to invite them 
to accompany you. When two witnesses relate 
the exact same story as to dimensions of mon­
uments' etc., possibilities exist. They have 
agreed on the same story or all were present 
when the measurements were made. More 
credibility is engendered when all tell the same 
story, but it is tempered in the minor aspects. 
This could occur when three individuals testify 
as to the diameter of a tree. One states it is 9 
in., a second, 8 in., and a third, 10 in. The 
general size is important, not the exact size. If 
all testified it were 10 in., each would have had 
to measure it with a diameter tape. Credibility 
is present when one witness states, "It is a 
red oak 35 inches in diameter," another 
stating "It is a red oak 3 feet in diameter." 
This is credibility. Regurgitation diminishes 
credibility. 

34-10. THE SURVEYOR ON THE 
WITNESS STAND 

Physical characteristics depict the credibility of 
a witness. You must believe your own testi­
mony to make others believe it. Speech, body 
language, mannerisms, and you play an im­
portant role. When you sit in the witness chair, 
all eyes are on you. Your responsibility to the 
jury is to convey, both in speech and non­
speech, those mannerisms that convey the 
credibility of your story. 

Eye contact is a must. One who avoids eye 
contact with the jury is questioned for his or 

her honesty, for people know when one is less 
than truthful. He or she will not look at you. 
Eye contact should be extended to the judge, 
the attorneys, and the jury, more particularly 
to that one strong individual who sits on the 
jury. Your story must be told in such a way that 
you are believed. 

Attorneys believe it is necessary and survey­
ors thrive on the honor to act as an expert 
witness in land-related cases. However, as a 
witness, you may be just as important as a lay 
witness. Your attorney must look first to credi­
bility. Will the individual be a creditable wit­
ness? Will he or she be believed? If the indi­
vidual lacks credibility, believability is also 
lacking. 

Credibility goes to the foundation of the 
entire testimony or story that is being told. 
The attorney should weight the credibility of 
the witness against the entire story the witness 
has to relate and must decide when a simple, 
down-home story about monuments and the 
survey will engender more trust than the rela­
tion of technical terms and theories. This is 
one advantage local witnesses have over the 
imported "hired gun," who is brought in to 
add weight. The decision as to in what capac­
ity a witness will act and be utilized will affect 
the usefulness and degree of cross-examina­
tion, which includes whatever impeachment to 
which he or she will be subjected. 

In analyzing the story, the attorney should 
consider if your testimony is from personal 
actual experience or was it obtained vicari­
ously through others. This situation can occur 
when a supervisor of surveys reviews a crew's 
work without being an actual member of the 
survey party. The supervisor is then called in 
to testify as to what was done, what was seen, 
and what was decided. The survey party did 
the work, they recovered the evidence, they 
completed the field books and set the monu­
ments, yet the supervisor reviewed the data, 
made the decisions, and gave the instructions 
-far from the job. The modern trend is to 
require those individuals who actually accom­
plished the work to testify. You will be asked if 
your conclusions and decisions are based on 



your own actual experiences and obseIVations 
or those of others. The most convincing testi­
mony is that based on personal experience 
and not that of others. 

For both expert and lay witnesses, credibil­
ity of testimony goes hand in hand with con­
sistency. However, inconsistency can be ex­
pected in testimony, for the human mind can 
"play tricks" on memory and the ability to 
recall events, as well as the fact that each 
individual sees the same event from a different 
vantage. Attorneys will use inconsistencies to 
advantage and will try to discredit otherwise 
acceptable testimony. Such words as "lies," 
"cover-ups," and "old age" may be tossed at 
the witness and jury. The judge and jury should 
have it pointed out by your attorney that your 
testimony is consistent with established facts 
accepted by other witnesses and the profession 
in general. 

How does your testimony relate to pub­
lished standards of practice, professional trea­
tises and texts, or other known facts presented 
by the witnesses? As a witness, you have an 
obligation to point out to your attorney any 
inconsistencies in the evidence and your testi­
mony. At times, an opposing attorney will dwell 
on an insignificant inconsistency to cloud the 
issue. If possible, avoid these areas of conflict. 

The witnesses' credibility is intimately linked 
to the testimony credibility, and the matter of 
personal credibility is dependent on the per­
sonal characteristics of the person who will 
relate the story. When a witness is called on to 
testify, it is assumed that the testimony will be 
unbiased and have a clean neutral approach, 
free from suspicion. Regardless of what is said 
or written, expert witnesses are interested in 
the results and outcome of the litigation. The 
age-old statement that a "witness is unbiased" 
helps to offset some of the stigma, in that the 
witness is only interested in relating the "true 
facts." As a whole, society views the testimony 
of a biased witness with distrust. Biased testi­
mony can be both positive and negative. As a 
person can slant testimony in favor of an indi­
vidual, so can he or she slant the same testi­
mony in a negative manner. Testimony is the 
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perception of the evidence. It is not what you 
actually see, but what you think you see, for we 
all "see" the same events from different van­
tage points. This is why two sUIVeyors will 
relate the markings seen on a wooden post in 
different terms. The basic presumption is that 
all individuals are honest in their testimony. If 
this were so and two individuals saw the same 
evidence in the same manner, then there 
would be no discrepancies in testimony. The 
mind will play tricks. It can take random 
scratches on a stone and make identifiable 
markings that take on form. 

Since each of the sUIVeyors on both sides is 
telling the truth, your attorney must make the 
jury believe that you are telling the "whole 
truth." 

Mter direct examination, you will be sub­
ject to cross-examination by the opposing at­
torney, who will attempt to show with clarity 
that bias does exist, that you are incompetent, 
a gun for hire and not worthy of being called 
professional. Some attorneys make a general 
practice of cross-examination, but most do not 
use this technique to their fullest advantage. 
Once cross-examination is complete, your at­
torney will be given an opportunity to rehabili­
tate you in the eyes of the jury and judge. 
There are times that cross-examination can 
work to your advantage when it is poorly used 
or the attorney engenders hostility from the 
jury because of the way in which he or she 
handled the witness. 

If your attorney is an experienced trial 
lawyer and knowledgable of this potential for 
bias prior to the trial, he or she can limit its 
effect or neutralize cross-examination in sev­
eral ways. Your attorney can work it into the 
direct testimony in such a manner as the fol­
lowing questions and answers illustrate: 

Q. It is possible that a second sUlveyor could see 
these numbers or letters in a different light? 

A. The second is a matter of trial tactics. Some 
attorneys believe it is wise to give the opposi­
tion all of the "log chain" they can swim the 
river with, or "all they will get and fight for 
the rest." This will include giving any damag-
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ing testimony up front in the direct testimony 
and catch the opposition off guard. This will 
take some of the force from the opposition, 
and in most instances it is well received by 
the jury. 

An example is when your client's deed 
does not cover and describe all the lands 
your client claims, yet your remaining testi­
mony could be suspicious as being biased on 
his or her behalf. Your attorney should real­
ize that a knowledgeable surveyor or attorney 
can come to the same conclusion and testifY 
to these facts. It would be wise, in this situa­
tion, at the first part of your testimony to ask 
that question. 

Q. Does your client's deed cover and describe 
all the property your client claims? 

A Of course, the answer is no, and the facts are 
out. Now you can get on with your case and 
leave the damaging testimony behind. On 
closing, he or she can state and argue that 
your testimony cannot be considered as bi­
ased, yet having come at first, the jury may 
have forgotten its impact. 

Many times an expert is called in to testify 
"after the fact." That is, all of the field work 
has been completed, and it was not untillitiga­
tion that you were consulted, when it was 
considered that your testimony could better 
the case. The attorney's first responsibility is to 
establish and build up your credentials and 
experience and make your testimony neces­
sary and creditable in the eyes of the jury. 
Professional credibility is dependent on per­
sonal credibility: Looks, speech, stature, edu­
cation, experience, professional associations, 
and many other elements are considered. 

It is a "knee jerk" reaction for attorneys to 
use you as an expert witness, rather than a lay 
witness. This is normal, yet it may be more of 
an ego trip for the surveyor than a benefit for 
the client or attorney. The client and attorney 
should closely examine the capacity in which 
you will be used, deciding which will be more 
beneficial: lay or expert? An expert's appear­
ance in court may be a sword or shield-i.e., 
you can be used to attack his or her cause or 
defend the attorney's client. The attorney is 

under nO obligation to use a qualified expert 
witness in that capacity. It may be to the attor­
ney's greatest advantage to have you available 
simply as an advisor. Your presence may tend 
to swing the balance, neutralize the opponent, 
and keep the opponent's testimony "clean." 

Although all jurisdictions have their own 
rules as to the use of witnesses, most have 
adopted or closely relied on the Federal Rules of 
Evidence, as practiced in the federal courts, 
addressing the basic use of witnesses, as fol­
lows. 

Rule 601: General Rule of Competency 

Every person is competent to be a witness except 
as otherwise provided in these rules. However, in 
civil actions and proceedings, with respect to an 
element of a claim or defense as to which state 
law supplies the rule of decision, the compe­
tency of a witness shall be determined in accor­
dance with state law. 

In the decision rendered in U.S. v. Lightly, 
677 F.2d 1027, the 4th Circuit Court indicated 
that every witness is presumed competent to 
testify unless it can be shown that the witness 
does not have personal knowledge of the mat­
ters he or she will testifY to or that the witness 
does not have the ability to recall events or 
information. The ultimate decision as to 
whether an individual can or cannot appear as 
a witness is the question of competency, and 
the final ruling is left to the decision of the 
judge, who has the power to exclude any wit­
ness he or she determines legally incompetent. 

Surveyors may find that their competency 
to testifY is questioned by the opposition. This 
has happened in several situations where the 
work was accomplished by a field party, yet the 
client engaged you to testifY as a witness. Al­
though you have the necessary credentials and 
present the proper image before the court, 
you have no personal knowledge of the survey 
other than what you were told by the field­
persons and what you read in the field books. 
A wise attorney will realize that you are incom­
petent to testifY as to your personal knowl-



edge. The attorney now has a hearsay problem 
or will have to prove that you are the best 
available witness. 

The greater the position of responsibility in 
your firm and the more removed from the 
field work aspects, the less the possibility of 
your having personal knowledge of the field 
facts. A good opposition attorney will make 
this work to his or her advantage. This was also 
considered by the federal courts in Rule 602. 

Rule 602: Lack of Personal Knowledge 

A witness may not testify to a matter unless 
evidence is introduced sufficient to support a 
finding that he has a personal knowledge of the 
matter. Evidence to prove personal knowledge 
may, but need not consist of testimony of the 
witness himself. This rule is subject to provisions 
of Rule 703 relating to opinion testimony by 
expert witness. 

Once a surveyor serves as a witness, he or 
she can see the importance of these two rules 
relative to work accomplished by field crews 
but not personally examined by the principal 
or crew chief in the field. The above two rules 
can also be applied to lay witnesses. If lay 
witnesses are to testifY, they can testifY only to 
those facts within their personal knowledge 
and experience. You can testifY as to what you 
saw, what you observed, and of any evidence 
or statements made to you. In some instances, 
the court may let you express an opinion. 

Traditionally, the courts have let lay wit­
nesses express opinions in some areas that 
address themselves to the sense-e.g., speed, 
"The car was going fast"; time, "She was gone 
a long time"; distance, "It was about a quarter 
of a mile"; weights, "The stone was heavy"; 
sanity, " He acted crazy"; and sobriety, "He 
was drunk." The courts permit this because 
these opinions are based on perception and 
may be helpful to the finder of fact. For a 
professional and technical person, being a lay 
witness can cause difficulties in that the indi­
vidual is programmed to give opinions. 
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The role of the expert witness is discussed 
in Rule 702. 

Rule 702: Testimony by Experts 

If scientific, technical, or other specialized 
knowledge will assist the trier of fact to under­
stand the evidence or to determine a fact at 
issue, a witness qualified as an expert by knowl­
edge, skill, experience, training, or education, 
may testify thereto in the form of an opinion or 
otherwise. 

The exact position of an expert witness was 
stated by F. Lee Bailey in The Defense Never 
lUsts. Although he was speaking on behalf of 
the cross-examination of an expert, his words 
are true regardless of the capacity in which the 
expert is used: 

The cross-examination of an expert witness, 
which I was about to do, poses added problems. 
He's a professional who understands the trial 
process; he knows how much he can get away 
with; he knows how to answer questions. And 
usually, though not always, he is thoroughly 
versed in his field. Give an expert a broad enough 
question, and he may bury you. That's why a 
trial lawyer has to be a crammer; he has to know 
his stuff well enough to catch any weakness on 
the part of the witness.13 

The sole purpose of having experts is to 
permit them an expression of their opinion of 
the evidence they recovered or what was pre­
sented and then be able to even answer hypo­
thetical questions. This is an important field 
and will be discussed later. Once you are qual­
ified as an expert, or if you consider yourself 
an expert and hold your qualifications out as 
those of an expert, it should be stressed to 
your attorney that a bland, rote, uninteresting 
presentation of your qualifications,just to meet 
the intent of the court and requirements for 
legal sufficiency, will fail to help you in the 
eyes of either jury or judge. You and the 
attorney now have the opportunity to "toot 
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your horn" and tell it all. The attorney's re­
sponsibility is to establish and build your cred­
ibility with the jury. The attorney must give 
considerable thought and care to this matter. 
The surveyor has a responsibility to aid the 
attorney. An experienced individual will main­
tain a biographical outline and make certain 
that the attorney has a copy before the trial, so 
it can be studied in depth. The attorney's job 
is to present your qualifications to the jury, so 
that they will accept you as the most qualified 
individual in your field. It is helpful if the 
court is presented with a copy of you bio­
graphical outline; the attorney has an absolute 
right to place your qualifications before the 
court. 

When you, as an expert, determine conclu­
sions based on information at hand, the courts 
are ambivalent as to what is correct and proper. 
A court that accepts the common law rule will 
only permit you to base an opinion on those 
facts and evidence that were presented at the 
trial in chief. As an expert, if your opinion is 
based on facts X and Y, then facts X and Y 
must be placed in evidence by one of the 
witnesses. Under the more liberal federal rules, 
the expert's opinion may go beyond the evi­
dence as long as it is reasonable to do so. 
Thus, you may form an opinion to a hypothet­
ical question based on facts X, Y, and Z, even 
if fact Z was never introduced in evidence or 
given in testimony. The federal rules address 
this quest for information in the fact that 
other experts in the field customarily rely on 
these facts for their opinions. However, all 
must realize that this testimony is still an opin­
ion and not evidence. 

Since an expert's opinion mayor may not 
be based on introduced evidence, and apply­
ing the laws of probability (for no reasonable 
experts will ever consider themselves 100% 
certain), both the attorney and surveyor should 
be careful in the use of words. A good attor­
ney can make your words ineffective. Never 
tell the jury what their verdict must be or what 
the ultimate issue is, unless you are asked by 
the judge. Such phrases as "She owns the 
land," "He had adverse possession," or "That 

is a boundary by agreement," should be 
avoided. That is what the jury is to decide. 
Many experts toss the words "possible" and 
"probable" in their testimony with little re­
gard to their meaning. At law, the word possi­
ble is nothing more than a 50-50 chance or 
less. On the other hand, probable carries a 
legal interpretation of a "fair degree of cer­
tainty" or to betting people, a probability of 
75% or more. 

In most instances, the direct examination of 
an expert witness is routine and without its 
problems, unless both the witness and attorney 
failed to set out their plan and approach. The 
cross-examination of an expert is another story. 
The old law school examination question is, 
"When do you cross-examine a witness?" The 
answer is never! We know this is not true or 
feasible. In cross examination, the expert wit­
ness is like any other witness and all the usual 
rules of impeachment apply. 

The expert will probably be asked to submit 
exhibits during the direct examination. It is 
essential that the proposed exhibits show ex­
actly what you want to depict and illustrate 
and no more. The expert must be prepared to 
meet any and all challenges to qualifications, 
work, and even dress. The attorney may be 
smiling at you, but in reality is trying to stay 
ahead of you so that you will take that fatal 
step and be tripped up and discredited. One 
of the easiest areas in which this is done is in 
the use of exhibits. Have complete control 
over all the exhibits you use, from the initial 
preparation to courtroom use. Make the ex­
hibits work for you. Maps, field books, illustra­
tions, descriptions, and affidavits are but a few 
that you may use. Present an outline to your 
attorney, indicating what the exhibits will illus­
trate, pointing out each exhibit's strengths and 
weaknesses. The attorney must plan how to 
introduce the evidence, its authentication, and 
what it will do for the case. A foundation must 
be set for all evidence.14 A joint decision needs 
to be made prior to trial whether the docu­
ments and exhibits will be introduced in evi­
dence, or if they will be only for the purpose 
of refreshing your memory. 



34-11. EXHIBITS USED IN COURT 

To introduce photographs requires that you 
state that you have personal knowledge that 
the picture is a true and correct representa­
tion of the scene. You do not have to have 
taken the photograph yourself. Relevancy of 
the photograph must be shown. This can be 
for the simple purpose of showing markings 
on a tree. The courts have considered slides 
and contact prints to be included in this cate­
gory. 

Charts, maps, models, and graphs make ex­
cellent exhibits and evidence. They can be 
used to explain your position or the oppo­
nent's position. The court usually does not 
hold to "absolute accuracy" for such exhibits 
if you prepare them yourself, but any errors 
will certainly be highlighted on cross-examina­
tion. Show only that information you wish to 
show and no more. Do not confuse the jury. 

Reports and field books are a common form 
of evidence in land cases. Usually, they play an 
important role in refreshing memory as to 
past events, or to show evidence recovered by 
earlier field crews that are no longer available. 
The attorney must determine if these books 
and records will be used simply as a memory 
refresher or whether they will be introduced 
in evidence. Unless adequately prepared, the 
attorney may become embroiled in the middle 
of a procedural battle. In order to be able to 
use records to refresh memory, four elements 
must be proven: (1) It is in writing, (2) the 
writing was made at or near the time of the 
event by you or an individual acting under 
your supervision, (3) you are unable to re­
member the events depicted in the field book, 
and (4) you must vouch that you are certain 
that the facts were correct when they were 
made. 

Every attorney and expert witness goes to 
court armed with their learned texts, which 
usually are carried in a bag or under the arm, 
but they are visible to both jury and judge. 
Security is the reason. Individuals expect to be 
able to point to the accepted test to prove 
their point of view. Once experts refer to a 
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passage in any accepted reference, they 
"open" the entire book for examination. Ex­
perts will be expected to know all of the infor­
mation that is in the book. 

In litigation, public documents may fill 
boxes. In most land-related cases, every party 
may show up with the same documents to 
prove different points of view. The documents 
may consist of originals, certified copies, xerox 
copies, carbon copies, or hand copies. Land 
cases depend on documents. Problems may be 
encountered when your entire case is predi­
cated on a single document that is found to be 
inadmissible into evidence, and although the 
document is in the courtroom, it is unusable. 
Experienced attorneys anticipate problems of 
introduction or admissibility, and they will 
work around them and have back-up alterna­
tives. Certified documents stand on their own; 
when possible, work with certified copies of 
public documents. If the original document is 
not available and a copy is to be introduced, 
account for the loss of the original. Some 
documents may meet the criteria as ancient 
documents; if they do, use this alternative, for 
they are an exception to the hearsay problem. 
If documents cannot be introduced for one 
purpose, a wise attorney may be able to intro­
duce them for a second purpose. Determine 
in the discovery process if the other side is 
going to introduce the document, and if it 
does, use the document to your advantage. 

In working closely with the attorney, the 
survey can dramatize his or her evidence by 
preparing colorful exhibits. If these are com­
pleted in a professional manner, the opposing 
attorney may be tempted to use your exhibits. 
It is always helpful for a juror to have a copy in 
hand, where it can be closely examined. 

34-12. CROSS-EXAMINATION 

At the start of cross-examination, you will have 
just completed the direct examination and will 
in all probability still be on the stand. Your 
mouth is dry, the palms of your hands are wet 
and cold, and your stomach is in turmoil. The 
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attorney who now stands before you feels ex­
actly the same, knows all of the law school 
professors said not to cross-examine-but 
they really did not mean him or her. By 
common law right, any witness who is per­
mitted to testifY on direct must submit to cross­
examination. The party may waive the right 
to cross-examine. 

The purpose of cross-examination is to 
probe deeper into your testimony and dis­
cover facts that may be favorable to the cross­
examiner. To be subject to cross-examination 
is difficult but not impossible if you under­
stand it and use it to your advantage. Keep in 
mind that this is the attorney's game, field, 
and forum, and you must play according to 
the attorney's rules. The rigid rules that apply 
to direct examination do not apply here. The 
attorney may ask leading questions, complex 
questions, and just about anything with which 
he or she can get away. 

Preparation for cross-examination should 
have commenced with the very first question 
of direct examination. The attorney must have 
all the facts of the case, pro and con. Hold 
nothing back to your attorney. Unfavorable 
facts can be addressed on direct examination. 
The more your attorney is able to address, the 
less there will be for cross-examination. If un­
favorable facts are revealed on direct examina­
tion, the jury will feel your credibility. 

In most jurisdictions, the scope of cross­
examination is limited to those facts that were 
presented on direct examination. Keeping in 
mind that the cross-examiner has but two pur­
poses,15 to minimize or destroy your direct 
testimony and to develop independent evi­
dence that will aid the case (at your expense), 
you will have an advantage, for you may be 
able to second guess him or her. 

The cross-examiner may be able to beat you 
into submission by using time-tried tactics, 16 

probing and pitching, using such elements as 
prior inconsistent statements, implausibility of 
your testimony, your inability to remember, 
biased testimony, a lack of truth and veracity, 
and your basic qualifications, either too edu­
cated or not enough education. 

Each of these is used to engender anger 
and bait you to play the cross-examiner's game. 
The cross-examiner wants to destroy you and 
has the tools and means to make your testi­
mony ineffective, if you permit it. "Hired 
gun," "You can be bought," and "They paid 
you to testifY." Such phrases and more will be 
said in attempts to discredit you. 

34-13. PAYMENT FOR SERVICES 

As the cost of expert witnesses have increased, 
some attorneys have attempted to get as much 
expertise as cheaply as possible. In order to do 
this, they have used the system in order to 
limit the amount of payments to experts. Us­
ing the subpoena power of the courts, some 
attorneys may attempt to force you to testifY by 
seeking your knowledge under the guise of a 
lay witness, and then use you as an expert as 
the trial progresses. Many surveyors will play 
this game. Under the common law, experts 
cannot be forced to testifY against their will. 
Of course, this cannot be said for a lay witness, 
for the courts have held that lay witnesses have 
a public duty to testifY. 

If expert witnesses are forced to testifY 
against their will, it would be a violation of 
their constitutional rights, for their property 
will be taken without due process of law. You 
can sell it or give it away, but you cannot be 
forced to part with it for free. Unfortunately, 
this common law rule is starting to erode. In 
Kaufman v. Edlestein, 539 F.2d 811 (1976), the 
court realized that the expert is no longer 
living in a simple world. Courts have realized 
that experts are needed in today's complex 
world and must complement the legal world. 
In its decision, the court identified certain 
parameters in order to change the age-old 
custom. It stated that experts are entitled to 
receive reasonable and adequate compensa­
tion, that they cannot be compelled to do any 
work in preparation for their testimony, and if 
they have performed work, they cannot be 
compelled to do additional work if they al­
ready formulated their views on the subject. 



Their opinions must relate to those facts that 
they already pave gathered. 

Mter the testimony of each witness and 
other legal procedures, the case will go to the 
jury or judge for a decision. There is a winner 
and a loser. No matter whether you won or 
lost, the case will be tried and retried for 
years, and you will wonder what was right and 
what was wrong. You will find that there were 
actually three testimonies: (1) the one you 
prepared for, (2) the one you actually pre­
sented, and (3) the one you wished you had 
given. The last one was the best. 

Mter reading the preceding pages, the ex­
pert could have eliminated all of it by simply 
reading the following checklist. By gleaning 
the main points identified in the text, the 
expert witness should consider the following 
as a minimum to be followed when called on 
to testi£),: 

34-14. CHECKLIST FOR THE EXPERT 
WITNESS 

1. Be honest. Tell the truth no matter what, 
whether it helps your case or harms it. You 
have no obligation to introduce evidence 
but if asked, tell the truth. If you made an 
error in earlier testimony, correct it as soon 
as possible. 

2. Do not guess. If you do not know the 
answer, say so. When you answer and can 
give positive answers, do so. If you cannot, 
do not use "I guess," "I believe," or 
"Maybe." They still mean you do not know. 

3. Maintain a professional stature. This will 
include dressing properly and being polite, 
especially to the judge. "Yes, Judge," and 
"Yes, Your Honor" are words of respect. 

4. Speak in your own words. Do not use words 
on the stand that you do not use in your 
daily speech. Do not memorize testimony. 

5. Do not volunteer information. This 
applies on direct, but especially on cross­
examination. It is the attorney's job and 
responsibility to extract the information. 
Help your attorney only. 

6. Avoid hearsay. Do not open your testimony 
for objections. Never relate what other 
people told you-a certain objection. 
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7. Talk to someone. Direct your answers to 
the jury or judge. They are the ones you 
want to convince-not the attorneys. Talk 
so you can be heard. 

8. Watch the attorneys and judge. You can see 
when objections are coming and keep from 
disclosing information if the objection is 
"sustained." 

9. Control your documents and exhibits. Do 
not let them control you. Work with your 
attorney before trial. Know what your attor­
ney will do. It will impress the jury. 

10. Keep cool. Do not let anyone lead you into 
anger. If you do, you lose. 

11. Do not be funny. The court is no place for 
humor. Sit-down comedy is unnecessary. 

12. Guard your speech. Discuss the case only 
with your attorney and client. No other 
person. This may save you a court repri­
mand. 

13. Expect the unexpected. Never be compla­
cent. Keep on guard at all times. 

14. Trust your attorney. You were taught to 
trust your compass needle. Trust the 
attorney. 
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35----
Land and Geographic Information 

Systems 

Grenville Barnes 

35-1. INTRODUCTION 

Over the past decade, the interest in land and 
geographic information systems (LIS/GIS) has 
been overwhelming. Surveyors, geographers, 
engineers, landscape architects, environmen­
talists, planners, and professionals from a 
number of other related disciplines have em­
braced this technology and begun to build 
information systems to assist them in their 
work. In the United States, the development 
of integrated information systems has focused 
to a large extent on the local level where most 
land-related information is acquired and 
maintained. This has been particularly true for 
highly urbanized areas (cities) where most of 
the information is related to the property 
parcel. 

Fundamental to this movement has been a 
belief that better information leads to better 
decisions. It is argued that the most effective 
way of improving information is to manage it 
as a corporate resource. For urban govern­
ments, this entails forging a unified approach 
to land information management so that data 
maintained by different agencies can be shared 
and integrated across agency boundaries. This 
will not only minimize data inconsistencies 
and redundancies, but also by combining in-
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formation resources across several agencies will 
produce a synergism that will significantly im­
prove current, isolated information systems. 

The previous edition of this book contained 
a chapter on land information systems (LIS) 
written by J. McEntyre. McEntyre began the 
chapter with a general history of surveying in 
the United States, as well as current practices 
with regard to the description of land parcels. 
This was followed by a discussion of the need 
for a multipurpose cadastre based on the 
shortcomings of current land data systems. 
Different components of an LIS were exam­
ined and a system was proposed that would 
promote the integration of different types of 
information through a common state plane 
coordinate system and the introduction of 
a registration of title system. The current 
chapter has been updated to reflect the 
changes that have occurred since this earlier 
chapter was written. There is less emphasis on 
the history of surveying and description of 
land parcels (dealt with adequately elsewhere 
in this book) and more emphasis on the evolu­
tion of LIS/GIS and what role GIS technology 
plays in this development. 

The LIS concept has evolved from a focus 
on a parcel-based information 'system, origi­
nally termed multipurpose cadastre,I-3 into a 



broader and more integrated network of in­
formation systems, often termed GIS/LIS. This 
rapid evolution and the integration of several 
systems and disciplines have made it extremely 
difficult to define terms such as land data 
systems, LIS, GIS, AM/FM, multipurpose 
cadastre, and cadastre in a clear and perma­
nent manner. However, by examining how 
these terms have evolved over time, we can 
begin to understand more about the concept 
itself and what general trends are emerging in 
this field. Such an examination is included in 
the early part of this chapter. 

In order to narrow the scope of this chap­
ter, the discussion focuses primarily on 
parcel-based information systems (or LIS), as 
the traditional role of the land surveyor places 
the surveying profession (at least potentially) 
at the helm of LIS development. The GIS 
literature is diverse and multidisciplinary and 
the author has purposely included a broad 
array of citations in the hopes that this will 
assist the reader in negotiating his or her way 
through the myraid of publications dealing 
with this broad subject. 

Defining LIS/GIS in a succinct and dis­
tinctive manner is extremely difficult partly 
because of the rapid development of these 
systems over a relatively short period. The 
problem of defining these terms has some­
times been likened to that of catching a cricket: 
You no sooner have it in your hand than it has 
jumped away from you again. As a preface to 
defining these terms, it should be pointed out 
that professionals from different disciplines are 
likely to adopt different definitions and to 
view these systems and related issues from 
slightly different perspectives. Since the 
LIS/GIS field is inherently multidisciplinary, 
these different perspectives serve to give us a 
fuller understanding of this broad field. 

LIS can be defined as an information sys­
tem that focuses on data and information that 
is referenced to the property parcel. This in­
cludes data relating to the spatial location and 
dimensions of the parcels (usually from prop­
erty surveys), land tenure (right holders, na­
ture of land rights and restrictions), land use 
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(regulations, area zoning), and land adminis­
tration (political and administrative units). The 
principal components of an LIS are (1) people 
(users, producers, managers, etc.), (2) an in­
formation base, (3) technology (computer 
mapping systems or GIS), and (4) procedures, 
standards and protocols that facilitate the ex­
change of information (see Figure 35-0. 

GIS can be defined in a similar manner to 
LIS, with the exception that the information 
in the system will generally not be parcel-based 
but related to some natural resource polygon 
or linear feature (road, river, etc.). However, a 
review of papers published on the topic shows 
that the overwhelming majority focus on GIS 
as a technology with a secondary emphasis on 
the people or institutional components. In 
other words, GIS is seen as a tool for manag­
ing and analyzing spatial data as opposed to a 
resource. 

One of the reasons LIS is more centrally 
concerned with institutional or "people" is­
sues than GIS is that parcel-based information 
describes people's rights to land, and in most 
cases, the boundaries of parcels are not de­
fined simply by physical boundaries, but by an 
array of information (relating to monuments, 
measurements, deed descriptions, etc.) that, 
when interpreted according to certain prede­
fined rules, will define the invisible line be­
tween property corners. This can be con­
trasted against the boundaries of a natural 
resource such as a forest, where the boundary 

Figure 35-1. Principal components of an US. 
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is simply determined by the physical manifes­
tation of the forest. 

The debate on the exact difference be­
tween LIS and GIS is thankfully decreasing in 
intensity as those involved realize that such 
arguments produce diminishing returns in our 
understanding of LIS / GIS issues. There are so 
many commonalities and overlaps which inex­
tricably link these two systems that it is clearly 
more productive to concentrate on the major 
issues of joint concern than on defining "turf' 
boundaries. Both LIS and GIS are concerned 
with the integration and analysis of spatial data 
for addressing certain issues and problems. 
Today's environmental, infrastructure, land 
tenure, and socioeconomic problems demand 
the integration of a variety of spatial data. In 
the remainder of this chapter, the term 
LIS/GIS will be used to address issues of join t 
concern. When GIS is used independently, 
this refers to the GIS hardware/software pack­
age described more fully in the section on 
GIS. The term LIS should be interpreted in a 
broader manner as defined in Figure 35-1. 

The chapter is organized into seven related 
sections. The section on the evolution of LIS 
begins with the early development of fiscal 
cadastres in England and Europe and traces 
the evolution of juridical/fiscal cadastres into 
multipurpose cadastres and finally LIS/GIS 
networks. The following section on LIS within 
the land administration framework positions 
LIS in the center of this framework, thereby 
demonstrating how LIS related to other land 
administrative functions (surveying, registra­
tion, regulation, etc.) and why it is important 
to view land records modernization efforts in 
relation to this broad framework. Subsequent 
sections on geodetic reference framework, 
cadastral overlay, and land registration deal 
more specifically with the role of each of these 
components in an LIS. The section on GIS 
discusses the two major structures (vector and 
raster) for storing spatial data in a GIS. Meth­
ods used to relate and integrate graphic and 
attribute data are explained and various GIS 
applications listed. Finally, the section on case 

studies gives practical examples of LIS imple­
mentation in the United States. 

35-2. THE EVOLUTION OF LAND 
INFORMATION SYSTEMS 

35-2-1. Early Fiscal Cadastres 

The origins of today's LIS can be traced 
back several hundred years to cadastral initia­
tives in England and Europe. In England, The 
Domesday Book, compiled in the 11th cen­
tury, consisted of a textual record containing a 
comprehensive inventory of the real and per­
sonal property of each landholder. This inven­
tory is often regarded as the origin of the 
modern cadastre concept.4 In the early 1800s, 
Napoleon I of France ordered a survey of 
some 100 million parcels with the express pur­
pose of collecting and spatially referencing 
fiscal (taxation) data to individual parcels. 
These early initiatives were essentially con­
cerned with the development of a fiscal cadas­
tre for supporting the land taxation system. 

As surveying and mapping technologies im­
proved, the definition of parcels, originally 
delineated for tax purposes, became suffi­
ciently accurate to support the legal descrp­
tion of property rights. Accurate cadastral 
maps showing the parcellation of land in a 
specific community were used as a means of 
describing the spatial extent of property rights 
reflected on officially registered deeds or 
titles. This development gave rise to the juridi­
cal cadastre. 

Although the use of a cadastral map be­
came common practice as early as 1800 in 
many western European countries, this has not 
generally been the case in North America. 
With few exceptions, the only community-wide 
(county-wide) parcel maps available in the 
United States are those created for assess­
ment/taxation purposes. However, this situa­
tion is being rectified as counties begin to 
computerize their land records and develop 
integrated LIS. 



35-2-2. The Multipurpose 
Cadastre 

In the mid-1970s, the concept of a multi­
purpose cadastre (MPC) was advanced by 
McLaughlin in his previously cited 1975 paper 
and others' work,5 in North America. Interest 
in this concept was fueled by an increasing 
need to integrate fiscal and legal land tenure 
data with other land-related data. The previ­
ously mentioned 1980 report by the National 
Research Council (NRC), entitled Need for a 
Multipurpose Cadastre, documented this need 
and attempted to define the role that should 
be played by the federal government in the 
development of the MPC. The approach fol­
lowed in this study was explained as follows: 

Rather than attempting to resolve all land­
information systems problems, it was decided to 
consider the basic components (reference frame, 
base map, and cadastral overlay) of a multipur­
pose cadastre, which, if properly established and 
maintained, would provide the common frame­
work for all land-information systems. In the 
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process of defining a federal role, the roles of 
the state and local governments and those of the 
private sector (companies and citizens) were 
considered germane. With these roles estab­
lished and the MPC conceptualized, the rela­
tionship of land data files to the multipurpose 
cadastre was considered.6 

At this time, the MPC was viewed as a parcel­
based system that incorporated natural re­
source, land tenure, fiscal, administrative, and 
other land-related data as illustrated in Figure 
35-2. The central elements of this model were 
a geodetic reference framework, base map, 
and cadastral map or overlay. 

The problem of treating natural resource 
and other nonparcel data as attributes to the 
property parcel was subsequently recognized 
and the MPC model modified. In the previ­
ously cited 1983 follow-up NRC report, en­
titled Procedures and Standards for a Multipur­
pose Cadastre, the nonparcel elements were 
separated from the MPC. This new model (see 
Figure 3) contained many of the same compo­
nents as the earlier 1980 model, but the natu-

TIlLE & FISCAL ADMINISTRATIVE NATURAL OTHER LAND RESOURCES RECORDS RECORDS RECORDS RECORDS 

~ • • 

LINKAGE MECHANISMS 

CADASTRAL OVERLAY 

BASE MAPS 

GEODETIC REFERENCE FRAMEWORK 

Figure 35-2. The 1980 mUltipurpose cadastre model. 
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Figure 35-3. The 1983 multipurpose cadastre model. 

ral resource component was incorporated in a 
"natural US" that was linked to the MPC, 
now called a "cultural US." The geodetic 
reference framework, base map, and cadastral 
overlay still constituted the fundamental com­
ponents of this cultural LIS (or MPC). In this 
report, the MPC was defined as: 

... The core module of a large-scale 
community-oriented information system de­
signed to serve both public and private agencies 
and individual citizens, by (0 employing the 
proprietary land unit (cadastral parcel) as the 
fundamental unit of spatial organization of land 
information and (2) employing local govern­
ment land-record offices as the fundamental unit 
for information dissemination.7 

A number of counties have based their US 
design on the recommendations made in the 
two NRC reports and the contribution this 
work made toward focusing attention on 

cadastral issues and problems in the United 
States should not be underestimated. 

35-2-3. Multipurpose LIS 

Environmental concerns and increasing 
pressure on land resources have led to a more 
integrated approach toward land management 
and development. The protection of valuable 
natural resources like wetlands requires a 
knowledge of the location of these resources, 
as well as information on who holds rights to 
the underlying land. In the case of wetland, 
federal regulations have effectively removed 
the development right from the owners of this 
land. Other environmental concerns like soil 
erosion, groundwater pollution, and defor­
estation also require knowledge of land rights 
in order to identify offenders as well as land­
holders who will be affected by stricter public 
land-use controls. These situations underline 
the need to integrate parcel-based informa-



tion, typically provided by an MPC, with natu­
ral resource C\nd other nonparcel information. 
This need has led to a broader and more 
integrated LIS model. 

In 1985, a model for a multipurpose LIS 
(MPLIS) was proposed (see Figure 35-4) and 
tested by researchers at the University of Wis­
consin.s,9 Proponents of the MPLIS model felt 
that the MPC model formulated in the late 
1970s and early 1980s was too strongly focused 
on the parcel-based aspects of an LIS. In order 
to promote a broader approach that was truly 
multidisciplinary, the MPLIS was designed to 
remove this parcel-based bias. Different types 
of information (soils, land use, land owner­
ship, etc.) were stored on different layers and 
the concept of a base map was dispensed with 
as it was felt that the base information on the 

Concept for a 
Multipurpose Land Information System 
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O.lllilLl)"'n: 

A. PUCll'it 
t. ZOflmS 
C. F100dpl,ins 
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Figure 35-4. The multipurpose LIS model. (Courtesy of 
Land Information and Computer Graphics Facility, Col­
lege of Agricultural and Life Sciences, School of Natural 
Resources, University of Wisconsin-Madison,) 
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map would depend on the purpose and disci­
pline of the user. Instead, information typi­
cally found on maps such as the USGS 7.5 
min. quad sheets (roads, rivers, contours, etc.) 
could be incorporated as individual layers. In 
this way, additional layers could be incorpo­
rated into the system whenever the need for 
that information arose. 

This layer-based approach is also more con­
sistent with the approach used in modern 
computerized mapping systems and GIS. Some 
of the differences between this model and the 
MPC models advanced in the NRC reports are 
undoubtedly due to an attempt to cater to 
both computerized and manual environments 
in the latter. Note, however, that the MPLIS 
still depends on a geodetic reference frame­
work to provide spatial compatability so that 
the different layers can be properly registered. 

35-2-3. LIS /GIS Networks 

Although the MPLS provides a general 
model for an integrated information system, it 
does not provide guidance on how individual 
information systems can be networked to­
gether. The model assumes that the different 
players will resolve questions associated with 
standards and policies for exchanging and in­
tegrating data from different agencies. How­
ever, this integration between local, state, and 
federal agencies is often regarded as the ulti­
mate challenge in LIS/GIS development. 
There is consequently a need for a statewide 
initiative that brings the land information 
management community together in one 
forum so as to forge a common LIS/GIS 
strategy. Efforts in Wisconsin lO and North 
Carolinall were early examples of such initia­
tives, but similar efforts are now underway in a 
number of states throughout the United States 
and Canada. 

The approximately 82,000 local agencies 
(below state level) that make decisions with 
regard to land use,12 make it extremely dif­
ficult to promote standard policies and ap­
proaches on a statewide basis in the United 



886 Land and Geographic Injurmation Systems 

States. In countries like Australia, where most 
of the decision-making power is at the state 
level, progress in this area has been more 
rapid. In the state of South Australia, e.g., 
institutional reform and LIS development have 
followed a nodal approach.13 This approach 
identifies certain primary nodes (information 
systems) that have a very close relationship and 
uses these as focal points in a larger LIS net-

o 
• 

Primary Nodes 
(Data Bases) 

Secondary 
Data Bases 

Levels of 
Communication 

work. For example, property assessment, land 
registration, and sUIveying are incorporated 
in a legal-fiscal (cadastral) node. Similarly, 
information systems concerned with natural 
resource, utilities/infrastructure, and socioe­
conomic information can be associated with 
the environmental, utilities, and socioeco­
nomic nodes, respectively. Figure 35-5 repre­
sents a nodal model that has been adapted 

Figure 35-5. The nodal LIS/GIS network. (Adapted from M. E. Sedundary, 1984, LOTS: A South Australian approach 
to a total, fully integrated LIS, Proceedings of FIG Symposium, Edmonton, Alberta, Canada.) 
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from the model being followed in South Aus- 35-3. 
tralia. The "dvantages of a nodal approach 

FUNDAMENTAL 
COMPONENTS OF LIS 

have been described as follows: 

This approach allows these nodes to be devel­
oped either in sequence or in parallel, subject to 
need and separate cost justification. It also allows 
the choice of the most suitable hardware/soft­
ware for the data management needs of the 
particular function. Each individual develop­
ment must, however, accord with a published 
development policy to ensure compatibility and 
the required level of data integration.14 

This nodal model is an attractive compromise 
between a highly centralized model (single 
state-level LIS agency with broad powers) and 
completely decentralized one in which it is 
extremely difficult to reach consensus on a 
common LIS development policy. 

Although the LIS nodal network can be 
viewed as the natural evolution of the earlier 
MPC models, implementing such a model is 
particularly challenging in the United States. 
The democratic principles that led to the de­
centralization of decision making have multi­
plied the number of players with some interest 
in LIS development. Also, the fact that many 
of the utilities are owned by private companies 
means that not only must means be found to 
vertically integrate information and policies 
across different levels of government, but 
private-public sector partnerships must also be 
created. It is therefore not surprising that many 
people concerned with LIS view these institu­
tional problems as being far more challenging 
than those of a purely technical nature. 

In summary, the trend in LIS development 
is toward networked solutions that focus ini­
tially on connecting those agencies that are 
linked through common land data and infor­
mation needs. Instead of focusing entirely on 
parcel-based systems (MPC), models are 
emerging that place these systems in a larger 
LIS/GIS context incorporating land-related 
information associated with natural resources, 
utilities, and socioeconomic conditions. 

While there is an increasing trend toward the 
integration of information into broad-based 
multipurpose systems, it is essential that the 
subsystems within this network are designed to 
meet their primary needs first. From a survey­
ing perspective, the legal/fiscal node (LIS) is 
the subsystem most relevant to the general 
functions of the profession. This section de­
scribes two extremely important components 
of an LIS, both of which are integrally in­
volved and dependent on surveying. These are 
the geodetic reference framework (GRF) and 
cadastral overlay. 

35-3-1. Geodetic Reference 
Framework 

An examination of the multipurpose cadas­
tre and MPLIS models described in the previ-
0us section shows that the GRF is regarded as 
a fundamental layer in all these models. The 
definition and function of a GRF have been 
described as follows: 

A geodetic reference framework forms the 
spatial foundation for the creation of any Land­
Information System (LIS). Consisting of monu­
mented points whose locations have been accu­
rately determined with respect to a mathemati­
cal framework, this system permits the spatial 
referencing of all land data to identifiable posi­
tions on the Earth's surface. A geodetic refer­
ence framework provides not only an accurate 
and efficient means for positioning data, 
but it also provides a uniform, effective lan­
guage for interpreting and disseminating land 
information.15 

The same publication reports that in 1983, the 
GRF in the United States consisted of approxi­
mately 750,000 control points. These points 
were established by the National Geodetic Sur­
vey (NGS) to support various geodetic, map­
ping, defense, and other functions. Since this 
time and particularly the advent of GPS, many 
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local governments have established control 
networks based on the NGS network. In some 
cases, these points have been established to 
provide photo control points for mapping from 
aerial photography, and in other cases as a 
means of controlling local property surveys. 
Generally, the coordinates of these points are 
determined on the state plane coordinate sys­
tems (SPCS) that have been defined for each 
state. 

These mathematically defined control 
points should be distinguished from the physi­
cally defined points of the public-land survey 
system (PLSS). Mathematical positions do not 
depend on the physical demarcation of points, 
as those positions can always be relocated even 
if the markers disappear. Mathematically de­
fined points provide information about abso­
lute locations on earth. PLSS points, on the 
other hand, are defined principally through 
physical monuments placed at these points, 
but also through relative measurements to sur­
rounding points on the rectangular "net­
work." Determining points on a mathematical 
coordinate system, such as the SPCS, places 
these points in a common spatial framework 
that facilitates data integration. If, e.g., two 
subdivisions at opposite ends of a county are 
connected by survey to mathematically de­
fined geodetic control points, they can easily 
be integrated into one consistent database or 
parcel map since they are on the same coordi­
nate system. If they are not connected to a 
GRF, they remain as two free-floating maps. 
The problems this produces (gaps and over­
laps) when attempts are made to integrate 
them are well known to surveyors and others 
concerned with LIS implementation. 

Dale and McLaughlinl6 list several required 
capabilities of a GRF: 

Identify points, lines, and areas (and hence 
parcels). 

Indicate size and shape of features. 

Permit calculation of areas. 

Show relative and absolute positions. 

Help in the location and relocation of bound­
aries. 

Aid subdivision work and setting out new estates. 

Aid engineering and underground services work. 

Support land information system development. 

This list emphasizes the role of a GRF for 
defining property parcels, the basic reference 
unit for LIS. Unfortunately, in North America 
the importance of connecting property surveys 
to a GRF has not been fully appreciated until 
recently. The fact that coordinates are gener­
ally placed at the low end of the hierarchy of 
boundary evidence shows that they are still not 
a primary means of defining boundaries. Some 
surveyors argue that the additional efforts of 
connecting to the GRF will raise the cost of 
surveys in spite of evidence to the contrary. A 
1970 Canadian study found that when the 
costs of using an "isolated" (unconnected) 
survey approach versus a coordinated control 
network approach for boundary restoration 
were compared, the latter was 25% cheaper.17 
As this study was done prior to the develop­
ment of GPS, a coordinated approach can be 
expected to become even more cost-effective 
as GPS technology becomes more common­
place in the surveying profession. 

In another study that compared the costs 
and benefits of a GRF, a positive benefit/cost 
ratio of between 1.7 and 4.5 was found. IS This 
analysis was not approached from a purely 
surveying perspective, but instead focused on 
all potential users (or consumers) of land in­
formation. It is interesting to examine the 
m~or features of a GRF as identified in this 
study: 

A collection of permanently marked and main­
tained points 

Coverage of an extensive area 

A spatial relationship of known accuracy 

Relationships expressed in a common mathe­
matical language 

Universal availability of geodetic information 



Epstein and Duchesneau also correctly pin­
point universal compatibility as the primary 
contribution, or benefit, of a GRF. In their 
analysis, they compared costs required to cre­
ate data compatibility (which are avoided be­
cause of the GRF) with costs to create, main­
tain, and use the GRF in order to make data 
compatibility possible. 

Three important design criteria need to be 
considered when designing a GRF: 

Density 

Accuracy 

Cost 

In the 1983 NRC report, densities of 0.2 to 0.5 
mi were recommended for urban areas and 1 
to 2 mi for rural areas. In addition, it recom­
mended that "the entire area concerned 
should be covered at a uniform density with a 
simultaneously adjusted network of control 
survey stations."19 These density recommen­
dations were obviously made after considering 
such factors as intervisibility (between control 
points) and the density of points in the PLSS. 
Since the land records in most states refer to 
the PLSS as a means of defining parcels (the 
PLSS covers approximately 80% of the land in 
the United States), it makes sense to use PLSS 
points (when possible) for the GRF. This does, 
however, involve additional work as many of 
these points are not demarcated and will re­
quire remonumentation. If the PLSS points 
are used, density will be dictated by this frame­
work. For example, if section corners are se­
lected for the GRF, this will result in I-mi 
density. On the other hand. if township cor­
ners are selected, the geodetic control points 
will have a spacing of about 6 mi. 

The recommendation of "uniform density" 
is one which the author finds difficult to jus­
tify, particularly from a cost and time perspec­
tive. The density of a GRF should be based on 
the need for such points. If the GRF is to be 
used only for cadastral purposes and, for argu­
ments sake, the parcels in an area are 10,000 
acres in size, the justification for a I-mi density 
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network would be extremely difficult. How­
ever, if the GRF is to be used to spatially 
define other features such as roads and natu­
ral resources, this problem starts to disappear. 
In urban areas, where parcel sizes tend to be 
similar, a uniform density may also be more 
justifiable. 

In deciding on the density for a GRF, it is 
therefore extremely important first of all to 
consider the uses of the framework. The use 
of the framework for cadastral (property) sur­
veying and mapping purposes is an obvious 
one. Less obvious is the use of the GRF for 
mapping noncadastral features (roads, build­
ings, fields, land cover, land use, etc.) and 
surveying such features as wells, soil sample 
sites, utilities, and wetlands. Since these re­
quirements will vary across a jurisdiction, the 
condition of uniform density runs counter to a 
needs-based approach. In other words, making 
a distinction between urban and rural require­
ments is not sufficient. We need to consider 
the variations within these broad areas and 
base density on the requirements in these 
smaller subareas. For example, areas that are 
likely to be developed will generally require a 
higher density than those that are stable and 
unlikely to change in the near future. 

The accuracy standards for horizontal and 
vertical control in the United States are well 
defined and accepted by the majority of users. 
Horizontal control standards based on the rel­
ative accuracy between adjacent points are as 
follows: 

First-order (I part in 100,000) 

Second-order 
Class I (I part in 50,000) 
Class II (I part in 20,000) 

Third-order 
Class I (l part in 10,000) 
Class II (I part in 5000) 

In order to maximize the utility of the net­
work, it has been recommended that control 
surveys be done to third-order, class I or 
higher.20,21 Further details on these standards 
and vertical control standards are given in 
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Suroeying Theory and Practice 22 and elsewhere 
in this book. 

The cost of creating a GRF is frequently the 
most important design criterion and one that 
often dictates the density and accuracy of the 
framework. As Dale and McLaughlin point 
out, "the need is not necessarily for high 
precision sUIveys, but rather for the best value 
for money."23 Unrealistically high require­
ments in terms of density and accuracy will 
invariably lead to un affordable costs, thereby 
jeopardizing the successful implementation of 
an LIS. In any event, the cost of creating an 
adequate GRF for LIS development will be 
substantial. Based on the experience of the 
Southeastern Wisconsin Regional Planning 
Commission, the relocation, monumentation, 
and control survey work amounted to approxi­
mately 20% of the total cost of implementing 
an LIS in local government. This translated 
into $3600 per square mile in 1985 dollars.24 
The percentage cost was larger than any of the 
other cost components of the project, such as 
the preparation of the topographic base map 
and cadastral base sheets (11 %), cadastral map 
preparation (7%), digitization (7%), manage­
ment and overhead (16%),hardware and soft­
ware (15%), support (13%), and hardware and 
software maintenance (6%). With the advent 
of GPS, the per-point cost of control has 
dropped substantially and is currently esti­
mated at $500 to $600 per point. 

The challenge in designing a GRF is there­
fore to strike a balance between density, 
accuracy, and cost requirements. As GPS 
technology becomes less expensive and the 
constellation of satellites increases to provide 
24-h coverage, it is likely that the cost factor 
will become less prohibitive, allowing the im­
plementation of a more accurate and denser 
framework. This, in turn, should promote 
more reliable and consistent data for inclusion 
in a broad-based LIS/GIS. 

35-3-2. Cadastral Overlay 
One of the most challenging components 

of an LIS in the United States is the cadastral 

overlay. This overlay may be viewed as a digital 
cadastral map that depicts the size, shape, and 
location of all parcels within a jurisdiction. 

Ideally, the cadastral overlay should be 
based on field survey data, some of which are 
conventionally reflected in deeds, subdivision 
plats, official maps, etc. Achieving this ideal is, 
however, extremely difficult due to inconsis­
tencies in the legal descriptions of land parcels 
across a jurisdiction like a county. Not only are 
these parcels defined to different standards of 
accuracy, but they are also defined by differ­
ent surveyors using different technology and 
techniques at different times, and recorded in 
different documents and formats. In many 
cases, parcels may not have been defined by 
survey but simply deed description (e.g., north 
half of lot 12). These unsurveyed parcels are 
particularly problematical as the errors in the 
original survey of the parent parcel (such as a 
section) are propagated until such time as a 
proper survey is carried out. The implications 
of this can be appreciated if one considers a 
98-acre parcel that is incorrectly recorded as 
100 acres. This error will probably not become 
significant until the parcel is subdivided into 5-
to lO-acre lots or smaller. Originally, the miss­
ing 2 acres represent only 2% of the parcel 
area, but this increases to 20% when the par­
cel size is 10 acres. The cadastral mapping 
process forces one to address these problem 
areas, since all parcel data across a jurisdiction 
must be taken into consideration. 

Manual cadastral maps, when such maps 
exist, are generally used as index maps. Index­
ing is either done by reflecting the deed num­
ber (vol. page) and survey record number for 
each parcel (or group of parcels) on the map, 
or assigning a unique parcel identifier (PID) to 
individual parcels. The PID acts as a common 
reference for all survey records and deeds 
associated with a particular parcel. Since the 
map is only an index, accurate and precise 
information at the parcel level must be ob­
tained from the associated records referred to 
on the map. Bearings, distances, and monu­
ment description information, e.g., are gener­
ally not included on the cadastral map. From a 



surveying perspective, a cadastral index map is 
really only useful as a means of locating sources 
of more accurate and precise boundary data. 
However, in a broader LIS/GIS environment, 
there is a danger that a cadastral overlay will 
be regarded as far more than a general index. 

Since the cadastral overlay is essentially a 
computerized version of the cadastral map, 
the integrity of an overlay that is merely an 
index must be questioned. This is particularly 
relevant when the cadastral overlay is merged 
with other layers to form a multipurpose 
LIS/GIS. Utility line data on the utility layer, 
e.g., may be spatially related to property 
boundary lines (e.g., 5 ft from the property 
line). Therefore, any error in the cadastral 
overly will be propagated in the utility layer 
and any other layer that is spatially referenced 
to property boundaries. Another potential 
problem arises from the fact that the cadastral 
overlay is the de facto representation of cadas­
tral information in a multipurpose LIS/GIS, 
even though the overlay may only be a general 
index. It is common knowledge in surveying 
that the true location of a boundary is deter­
mined by considering physical, record, survey, 
and other evidence. Monuments in particular 
are important indicators of the boundary posi­
tion. The cadastral overlay and its accompany­
ing attribute data do not generally contain 
monument data. As a result, the usefulness of 
an LIS/GIS for supporting property surveying 
has recently been questioned and debated at 
some length25 - 27• The inclusion of monument 
and other property survey data that are not 
included in a cadastral overlay leads to the 
creation of a database that is sometimes termed 
a digital cadastral database (DCDB) or cadas­
tral evidence database. This approach specifi­
cally accommodates such conditions as multi­
ple monuments and coordinate values for a 
single corner location.28 In some instances, 
this database has been designed to be object­
oriented, whereby cadastral "objects" (con­
trol, measurements, deed descriptions, etc.) 
are related in a hierarchical fashion (see 
~erne's,29 and ~erne and Dueker's papers30 
for a more detailed description). 
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In order to clarifY the questions surround­
ing the usefulness of the cadastral overlay, it is 
important to remember that the overlay is an 
abstract representation of the real situation. 
Ideally, this abstraction should be based on 
actual field measurements to the original posi­
tions of property corners and these measure­
ments connected to a GRF so that coordinates 
on a state- or county-wide basis are deter­
mined. Only then will this become a true and 
consistent representation of the cadastral situ­
ation. In the meantime, the cadastral overlay 
should represent our best approximation of 
the true legal situation given the data, fund­
ing, technology, and personnel available for 
the project. 

There are several different approaches that 
can be used to compile and maintain a cadas­
tral overlay. These range from simply digitiZ­
ing existing tax maps to the creation of an 
expert system. In the list below, 10 different 
approaches are distinguished: 

1. Digitized tax maps in AutoCad environment. 
Tax maps are simply digitized and stored 
as individual AutoCad drawings without any 
connection to a GRF or one another. 

2. Digitized tax maps "z.ipped" together in a GIS 
environment. Tax maps are digitized, the 
resulting coordinates transformed into a 
countywide coordinate system (preferably 
SPCS), edge-matched, and stored in a 
seamless database. 

3. Photogrammetric mapping. This involves the 
use of aerial photography for identifYing 
and mapping (digitally) parcel boundaries. 
The effectiveness of this approach depends 
to a large extent on the visibility of physical 
features along the boundaries. This method 
can be used to good effect in countries like 
England where physical features (fences, 
hedges, walls, etc.) are used to demarcate 
boundaries. 

4. Combination oj photogrammetric mapping and 
field measurement. Field measurements are 
used as a complement to photogrammetry 
in order to define parcel boundaries that 
are not visible on the aerial photography 
(or orthophotography). 
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5. Coordinate geometry (COCO) approach based 
on data from subdivision plats, deeds, and other 
documents. The coordinates (preferably 
SPCS) of all parcel comers are computed 
from the bearing, distance, and angle data 
available from plats, deeds, and other 
sources. Inconsistencies are either retained 
as attributes to the boundary or parcel, or 
resolved through field surveyor photo-
grammetric evidence. 

6. Coordinates obtained directly from field surveys 
connected to a CRF. All property surveys are 
connected to a GRF so that field-derived 
state plane coordinates are determined. 
Coordinates can thus be entered into the 
database via the keyboard. 

7. Measurement management approach.31 This 
approach makes use of actual field mea-
surements that are stored in the database 
and adjusted periodically to determine 
parcel coordinates. By focusing on mea-
surements, as opposed to coordinates, this 
approach provides the flexibility to include 
new field measurements in subsequent ad-
justments in order to upgrade the coordi-
nate values. The effectiveness of this ap-
proach, however, depends on surveyors 
sharing measurement data with the agency 
maintaining the system. For more details 
on this approach, see the papers by Hintz 
and Onsrud32 and Buyong et al.33 

8. Creating a topologically structured database for 
parcel data in a CIS. This involves the cre-
ation of point-line polygon topology in the 
database so that adjacency, intersection, and 
other nonmetric relationships are captured 
(see the section on vector-based GIS for 
more details). 

9. Creation of a digital cadastral database (DCDB). 
This database not only includes topological 
relationships between points, lines, and 
polygons, but also relationships between 
other cadastral "entities," such as monu-
ments, fences, control points, etc. that are 
required to make decisions about the true 
(original) location of boundaries. 

10. An expert system built around a DCDB. This 
approach involves the addition of profes-
sional rules, norms, and conventions to a 
DCDB. This might include such rules as 

those used to deal with conflicting title or 
boundary elements. This system should be 
viewed as a decision-support system that 
organizes the boundary/title evidence and 
aids the decision maker in asking the right 
questions. It is not a replacement for the 
surveyor or any other decision maker. For 
a general discussion on expert systems, see 
Waterman's A Guide to Expert Systems.34 

From a surveying perspective, a DCDB is 
certainly a desirable approach, but for the 
purpose of supporting LIS development, it 
may be difficult to justify. The author believes 
that professional surveying organizations 
should initiate an effort to design and imple­
ment a DCDB. Although surveyors stand to 
benefit the most from such an effort, this will 
also serve to upgrade the cadastral overlay and 
therefore the LIS/GIS as a whole. 

The approaches to cadastral overlay cre­
ation and management may be characterized 
in terms of different levels of sophistication, 
data, cost, accuracy, and effort. An attractive 
compromise between these various alternatives 
is to begin with an approach that is relatively 
quick and inexpensive, such as digitizing tax 
maps, and then incrementally upgrade this 
database by imposing basic geometric con­
straints and induding selected measurement 
data.35 In this way, a basic cadastral overlay is 
created with a minimum amount of effort and 
cost, and a mechanism provided to incremen­
tally improve the accuracy of these data. 

35-4. LIS WITHIN THE LAND 
ADMINISTRATION 
FRAMEWORK 

The major responsibility of land surveyors in 
the United States and elsewhere is the demar­
cation and recordation of the spatial extent of 
rights to land. The kind of rights that exist in a 
society, and the manner in which they are 
described, are a function of the land tenure 
system operating in that community, state, or 



country. In other words, the land tenure sys­
tem controls the way in which land is divided 
and allocated to individuals or groups. In the 
United States, the concept of private owner­
ship (fee simple) of small, well-defined parcels 
of land is predominant, whereas in the tradi­
tional native American land tenure system, 
such ownership and division would have been 
a foreign and unacceptable idea. 

Although the land tensure system is incor­
porated to a large extent in society's land 
policy, the operational component of land 
tenure is encapsulated in the land administra­
tion framework of a country. According to 
McLaughlin and Nichols, "land administra­
tion provides the mechanism for allocating 
and enforcing rights and restrictions concern­
ing land."36 The various subcomponents of 
the land administration framework, identified 
in Figure 35-6, are discussed below. 
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The land survey subcomponent deals with 
the demarcation and delineation ofland rights. 
In the United States this entails the definition 
of the size, location, and shape of the parcel 
over which these rights are held, as well as the 
documentation of the results in a subdivision 
plat, survey plan, and/or deed description. 
Land registration deals with the definition of 
the nature of the land rights and the identifi­
cation of the holder(s). This information is 
contained in a deed that is generally "reg­
istered" in a deeds registry, recorder's office, 
or title office for the purpose of publicly docu­
menting the current land tenure status. In the 
United States this office is generally at the 
county level, but in other countries, it may 
be at the state or even federal level. The 
assessment of land parcels is undertaken to 
determine the tax liability of individual land 
owners. Property taxes are a major source of 
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Figure 35-6. The land administration framework. (Adapted from J. McLaughlin and S. Nichols, 1989, 
Resource management: the land administration and cadastral systems component, Suroeying and Mapping 
49(2). 
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funding for most local governments, allowing 
them to fulfill their obligations with regard to 
public safety, welfare, education, health, and 
infrastructure. 

Land reform is particularly important in 
countries where there is an inequitable distri­
bution of land or fragmented rural parcels are 
consolidated and redivided into more eco­
nomic farming units. The latter activity has 
been carried out extensively in such European 
countries as Switzerland and Austria. Land 
management in the context of land adminis­
tration refers to practices and procedures fol­
lowed on publicly owned land. In the United 
States, the largest landholder is, in fact, the 
federal government that manages large tracts 
of forest and parklands through agencies like 
the Bureau of Land Management (BLM) and 
Forestry Service. A subcomponent of land ad­
ministration that has been receiving increasing 
attention is the area of land-use control or 
regulation. As our society has recognized the 
need to protect public interests in the envi­
ronment and plan for more harmonious ur­
ban settlements, so the regulation of private 
land use (through a mechanism such as zon­
ing and building regulations) has grown. 

A common thread between all these sub­
components is their need for land information 
in order to carry out their respective functions 
in an equitable, efficient, and effective man­
ner. From a broader land administration per­
spective, it is desire able to integrate the infor­
mation collected and managed on a daily basis 
in each subcomponent. The management of 
this information is done by LIS/GIS that in­
creasingly provide linkages between survey, 
registration, regulation, taxation, and other 
data in an effort to improve our land adminis­
tration capabilities. Although the technology 
tends to pull the focus toward the hardware 
and software, it is important to view GIS tech­
nology in this broader land administration 
framework in order to appreciate the ultimate 
goals of such systems. It is equally important to 
view surveying activities in the same light, as 
the need for such services is ultimately driven 
by the broader land administration needs. 

34-4-1. Land Registration 
Systems 

No discussion of LIS is complete without a 
discussion of land registration systems. To­
gether with cadastral (property) surveying, land 
registration forms the backbone of any juridi­
cal cadastre and is therefore an important 
component of a parcel-based LIS. 

Most publications on land registration sys­
tems37,38 identify three distinct registration 
systems: private conveyancing, registration of 
deeds, and registration of title. Private con­
veyancing is a system that was popular in Eng­
land some time ago and will not be discussed 
here as it is not viewed as being relevant to LIS 
development in North America. Before we 
discuss the other two systems, it should be 
noted that these systems are not the only alter­
natives open to a jurisdiction. There are many 
systems that have been improved in some way 
or another, and it is the principles behind 
these systems that are important as opposed to 
the finer details of each individual system. 

35-4-2. Registration of Deeds: 
Rudimentary Systems 

The recording or registration system used 
in most jurisdictions in the United States is 
known as a rudimentary registration of deeds 
(ROD) system. Under this system, the instru­
ment used to convey land is a deed drawn up 
by a competent person, or the parties to the 
transaction. There is no legal requirement to 
register the deed in the local registry or 
recorder's office, but many of these docu­
ments are, in fact, registered because of mort­
gage loan requirements. Typically, a deed will 
describe parties to the transaction (grantor 
and grantee) and their details (address, mari­
tal status, etc.); signature of person who pre­
pared the deed; signature of grantor, and a 
legal description that may be a simple metes­
and-bounds description. Further details can be 
obtained from any of a number of books pub­
lished on the subject of real estate transac­
tions39 or legal principles in sUINeying.40 



When deeds are archived in the deeds reg­
istry, they are generally indexed by entering 
the names of the parties in a grantor/grantee 
index and grantee/grantor index. The former 
are arranged alphabetically according to the 
last name of the grantor and the latter accord­
ing to the last name of the grantee. In order 
to prove that a person has clear title to a piece 
of land, it is necessary to search back through 
all the deeds affecting that parcel. The docu­
ments uncovered in this search form what is 
commonly known as a "chain of title." Often, 
this search must stretch back to the time that 
the land was first transferred from the public 
domain, which in many areas may be well over 
a hundred years. The following extract 
demonstrates the extremes to which these 
chains of title can stretch: 

A New Orleans attorney called at the RFC office 
regarding a loan for his Louisiana client. Mter 
exhaustive work, the attorney ran the chain of 
title back to 1803 and sent the report to RFC as 
instructed. Presently, he received a letter from 
the RFC complimenting him on the able man­
ner in which the title abstract was prepared, but 
stating that approval could not be given for the 
loan until title was searched for the period to 
1803. The attorney's reply was a classic and is 
reproduced herewith: 

Your letter regarding titles in CASE No. 
802649 received. I note you wish titles to extend 
further than I have presented them. I was un­
aware that any educated man in the world failed 
to know that Louisiana was purchased by the 
United States from France in 1803. The title to 
land was acquired by France by right of conquest 
from Spain. The land came into possession of 
Spain by right of discovery made in 1492 by a 
Spanish-Portuguese sailor named Christopher 
Columbus, who had been granted the privilege 
of seeking a new route to India by then reigning 
monarch, Queen Isabella. 

The good Queen, being a pious woman and 
careful about titles (almost as careful, I might 
say, as the RFC) took the precaution of securing 
the blessing of the Pope of Rome upon the 
voyage before she sold her jewels to help Colum­
bus. Now, the Pope, as you know, is the emissary 
of Jesus Christ, who is the son of God, and God, 

Land and Geographic lnfurmation Systems 895 

it is commonly accepted, made the world. 
Therefore, I believe it is safe to presume that he 
also made that part of the United States called 
"Louisiana," and I hope to hell you're satisfied.41 

In almost all states (excluding Iowa where the 
code specifically prohibits in-state sales of title 
insurance; see Wall's paper,42 landowners are 
required by lending institutions to take out a 
title insurance policy in order to provide some 
security against "loss or damage" arising from 
valid claims on the property. It should be 
pointed out that in most cases, this policy 
merely provides financial support for loss or 
damage, costs, and legal fees in the case of a 
suit. It does not prevent a claimant bringing a 
successful suit against the holder and dispos­
sessing that person of their title. This is not 
the case in a registration of titles system in 
which the state guarantees title. 

4-3. Improved Registration of 
Deeds System 

In many jurisdictions, the rudimentary sys­
tem discussed in the previous section has been 
modernized and improved to deal with the 
modern-day demands on the system. Gener­
ally, the motivation for such improvement 
comes from increases in the frequency of 
transactions and the realization that the reg­
istry is, in fact, a very valuable information 
system and not merely a passive archive for 
storing documents. Listed below are examples 
of improvements that have been made to rudi­
mentary deeds systems in North America and 
elsewhere: 

Requiring that all deeds be registered in a public 
deeds registry (compulsory registration) 
Giving registered deeds a higher legal priority 
than unregistered deeds 
Requiring that all deeds refer to a correspond­
ing survey plan 
Examination of deeds to check for consistency 
with parent deeds 
Creation of a parcel-based or tract index that 
contains one page per parcel with each page 
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reflecting transaction details for each individual 
parcel 

Establishment of a register organized on a 
parcel-by-parcel basis that contains certain de­
tails abstracted from the deed (grantor, grantee, 
deed references, plan references, etc.) 

Limiting the "chain-of-title" search to a certain 
period (such as 20 yr) and discounting all docu­
ments prior to that date 

Computerizing all indices in the registry to make 
searching more efficient 

Microfilming all deeds and documents for safer 
archiving 

The trend is toward systems in which the 
data are complete, reliable, consistent, and 
easily accessible. Improved systems operate in 
France, South Africa, Holland, Brazil, and 
many other countries. Although these systems 
differ quite significantly from one another, 
they all contain certain improved elements 
like those listed above. In some cases, these 
so-called improved systems may even resemble 
registration of title systems. In discussing the 
South African registration system, Simpson re­
marks that: 

Since there is no country in which land parcels 
are more closely defined than in South Africa, 
and since no transaction in land there can be 
affected without being registered under the par­
cel to which it relates, the only reason for classi­
fying the South African system as deeds rather 
than title registration would appear to be that, 
technically, it is not the fact of registration which 
proves title but the document, if duly 
registered.43 

Once again, the important aspect of this dis­
cussion is not the definition of certain registra­
tion systems, but rather the principles that 
characterize these systems. Modernization of 
land records systems should not only be seen 
as the computerization of land-related data, 
but also as an opportunity to improve the land 
registration system through incorporating one 
or more of the above mentioned principles, or 
by moving to a registration of title system. 

35-4-4. Registration of Title 

The Torrens registration of title (ROT) sys­
tem is one of the earliest and certainly one of 
the most popular title registration systems in 
the world. While serving as Registrar General 
in South Australia in 1858, R. Torrens de­
signed and implemented the system that has 
been exported to many countries around the 
world. Torrens argued that a land registration 
system should be organized around the units 
of registration (land parcels), not around the 
persons who were purchasing or selling those 
units. He rightfully pointed out that a parcel 
ofland is far more permanent than any grantor 
or grantee and is therefore a much more 
convenient unit of reference for ownership 
and other land tenure data. Furthermore, it 
can be argued, the rapid accumulation of doc­
uments, and the need to search through all 
these documents to prove title, will make 
searching increasingly more cumbersome and 
less efficient. Torrens asserted that if the most 
recently registered document could portray 
the current status of a parcel of land, then 
there would be no such accumulation of deeds 
and no need to carry out time-consuming ret­
rospective searches. 

Most discussions of Torrens' ROT system 
focus on three central principles: 

Curtain principle 

Mirror principle 

Title guarantee principle 

The curtain principle can be described as the 
drawing of a curtain behind the current in­
strument of transfer. This means that all prior 
documents are ignored and it is not necessary 
to carry out a chain-of-title search to prove 
title. The current instrument reflects the cur­
rent legal status with regard to the associated 
parcel of land. This is the so-called mirror 
principle. In the Torrens system, the instru­
ments of transfer are known as certificates of 
title (see Figure 35-7) and one certificate is 



created for each parcel of land. These certifi­
cates are bound together in a register. In 
order to determine who owns a piece of land, 
one need only refer to the relevant page in 
the register. 
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The importance of the register is further 
enhanced by a state guarantee that protects all 
owners shown on the register. If a valid claim 
is made against an owner on the register, the 
state will compensate the claimant, thereby 
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protecting the validity of the register. In other 
words, title under this system is indefeasible. 
This state guarantee of title should not be 
confused with title insurance that does not 
provide indefeasible title. Under the Torrens 
system in Australia, an assurance fund was set 
up to provide the means for compensating 
claims against the register. Initially, adverse 
possession was also not recognized as it was 
thought that this would undermine the verac­
ity of the register. In recent times, this think­
ing has been reversed and adverse possession 
is now accepted in many Torrens juris­
dictions.44 

Since there has been a great deal of debate 
and criticism of Torrens ROT systems in the 
United States, it is useful to reexamine the 
original principles that Torrens viewed as be­
ing important. The list given below is a sum­
mary version of the principles advanced by 
Torrens in a Publication entitled An Essay on 
the TransJer oj Land by Registration: 45 

Title should not be retrospective: It should not 
be necessary to search back through multiple 
documents in order to establish title. 
An estate should only be transferred once the 
public register has been updated. 
Registered title should be indefeasible. 
Registration should be compulsory. 
Once a parcel of land is registered and placed 
on the register, it may not be "deregistered." 
Parcels of land should be defined by ground 
survey and the resulting map or plat shown on 
the certificate of title. 

When an encumberance, such as a mortgage, 
is extinguished, the details reflected on the 
certificate are simply cancelled. The certificate 
also reflects many secondary rights or encum­
berances, such as easements, leases, or charges, 
that may be associated with an individual par­
cel. Most land rights can therefore be ascer­
tained by locating the relevant page in the 
register and examining the certificate that 
constitutes that page. 

Given the many benefits that the Torrens 
ROT system appears to offer, why has this 

system not caught on in the United States? At 
one stage, Torrens legislation existed in over 
20 states, but there have been virtually no 
success stories. Even in Cook County, IL, which 
had an ideal opportunity to introduce the 
system when the great Chicago fire destroyed 
almost all the publicly recorded documents, 
this has not met with much success. In fact, 
there has been a surprising amount of opposi­
tion to this system, primarily because the sys­
tem labeled as Torrens in the United States 
did not include some of the fundamental prin­
ciples originally advanced by Torrens.46 Some 
of the criticisms that have been leveled against 
the Torrens system include (1) title insurance 
is required for many Torrens titles, (therefore, 
they cannot be regarded as more secure than 
title under a ROD system), (2) ROT does not 
clear up title defects or prevent them from 
arising, (3) initial registration is an expensive 
process, (4) certificates of title do not reflect 
all possible claims on a parcel of land, (5) state 
guarantee of title does not provide adequate 
protection for individuals with valid claims 
against registered parcels, (6) maps used to 
support ROT are "cumbersome" and there 
are now more "efficient means" of relocating 
property corners.47 , 48 

A brief examination of the basic Torrens 
principles listed previously will reveal that the 
systems being called "Torrens" in the United 
States differ quite significantly from the system 
envisaged by the originator. Title insurance is 
an American institution and outside of the 
United States and parts of Canada does not 
exist. Title insurance companies have been in 
operation since the late 19th century and the 
requirement for such insurance has become 
part of any land conveyance that uses the 
parcel of land as collateral for a bank loan. 
Therefore, it is not surprising that this is still 
required by banks who do not understand the 
benefits or workings of an ROT system.49 In 
the United States these policies are more a 
part of the banking/credit system than they 
are a necessary part of the registration system. 
The fact is that thousands of ROT, as well as 
ROD, systems around the world operate quite 



securely and effectively without any form of 
title insurance. 

Before a piece of land is placed on the 
Torrens register, every effort is made to locate 
individuals or groups who have an interest in 
the land. In many instances, the public record 
is also searched, but in some developing coun­
tries, initial registration has been based solely 
on the documentary evidence presented by 
landholders. In this initial registration process, 
every effort is made to resolve conflicts and 
existing or potential title defects, particularly 
when the ROT is implemented on a systematic 
basis throughout a jurisdiction. It is true that 
this process may be expensive, but to date no 
studies have been conducted that prove this 
assertion or compare this cost with the ex­
pense of continuing with an inefficient system. 
Notable studies that have advanced our knowl­
edge in this regard include those by Larsen50 

and Jeffress.51 

Another criticism leveled at the Torrens 
system is that rights such as liens are not 
reflected on the certificate of title. This asser­
tion is true, but whenever there is some sec­
ondary claim against the title, a caveat is placed 
over the property and all transactions involv­
ing that parcel are frozen. This is designed to 
take care of minor claims that do not qualifY 
as high-frequency transactions.52 

State guarantees of title have been severely 
criticized by those opposing Torrens ROT in 
the United States. In particular, they point to 
the need to set aside an assurance fund and 
the treatment of unregistered rights. It is rather 
strange that so much attention is given to a 
feature that, although a major component of 
the original Torrens system, has ceased to be 
an active part of many of these systems. For 
example, during the first 18 yr of the Torrens 
system in the state of New South Wales 
(Australia), no claims were made against the 
state. The infrequency of claims is actually a 
measure of the success of the Torrens system 
and some states in Australia, e.g., have even 
closed their assurance funds.53 

The notion that old "cumbersome" maps 
or plats no longer have a role in the relocation 
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of original boundaries because more efficient 
methods are now available is tantamount to 
withdrawing a major source of boundary evi­
dence. In some instances, this may be the only 
source of evidence. Cadastral maps or plats, 
regardless of the registration system in use, 
provide vital information that is essential for 
the accurate relocation of property bound­
aries on the ground. This is particularly true 
when all physical evidence (monuments, 
fences, etc.) has disappeared. The emergence 
of accurate positioning technologies, such as 
GPS, may change boundary definition in the 
future, but historical research of old docu­
ments and maps will always be a part of a land 
surveyor's job. 

Williams throws further light on the ques­
tion of the Torrens system's dismal perfor­
mance in the United States: 

It [Torrens ROT] failed in numerous states, most 
notably in California, because the statutes were 
poorly written and do not make the certificate 
conclusive in all cases except fraud. ... Opposi­
tion by vested interests, most notably title insur­
ers, has no doubt played a large role in discour­
aging the use of[Torrens] registration, as has the 
banking industry's reluctance to finance a mort­
gage on a certificate ... The real problem is the 
abysmal unfamiliarity with 
Torrens registration among lawyers, abstracters, 
banks, and insurers.54 

Another problem has been the deviation from 
some of Torrens' original principles, particu­
larly the principle of compulsory registration. 
Given the lack of success of the Torrens sys­
tems in the United States, a more viable ap­
proach may be to improve the existing ROD 
systems. This is already occurring in many 
counties around the country through the 
creation of a tract index, placing limits on 
chain-of-title searches and other measures 
listed previously in the section on the im­
proved registration of deeds. The advantage of 
such an approach is that it represents an in­
cremental improvement over time, not the 
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drastic changes that would accompany the in­
troduction of a true Torrens system. However, 
opportunities to modernize the land registra­
tion system as part of the LIS development 
process are not being adequately exploited in 
the United States and future efforts should 
actively involve registrars in the land records 
modernization process. 

35-4-5. The Role of Surveying in 
Land Registration 

Since the primary unit of registration is the 
land parcel, the land surveyor plays a major 
role in defining the location, extent (area), 
and dimensions of the parcel. As registration 
systems move from a person-based (grantor­
grantee) system to a parcel-based system, one 
can expect this role to increase. 

Rudimentary metes-and-bounds descrip­
tions (e.g., bounded on the north by Jones and 
the east by Smith) are an effective means of 
describing land parcels if boundaries are well 
known and there are relatively few land trans­
fers. However, they contribute very little in 
terms of information on absolute location, di­
mensions, and area, all basic requirements for 
defining a parcel. Thankfully, these rudimen­
tary descriptions are increasingly being re­
placed by proper surveys. Although many of 
these surveys are not connected to any geode­
tic reference framework, there is increasing 
pressure for surveyors to tie into these net­
works. This is important for adequately defin­
ing the spatial attributes of parcels, but it is 
becoming equally important for the develop­
ment of parcel-based LIS. 

Simpson asserted that there are few places 
in the world where parcels are more accu­
rately defined than in the South Mrican sys­
tem. Accuracy is clearly a desirable character­
istic as far as land registration and LIS are 
concerned, but perhaps more important, the 
South Mrican system defines all spatial at­
tributes of parcels in a concise and complete 
manner. These data are represented on a sur­
vey diagram that is attached to every deed 
concerned with the transfer of land rights. 

Figure 35-8 shows a sample diagram that con­
tains the following spatial attributes: 

Shape and dimensions (sides and azimuth) 

Coordinates of all parcel corners relative to a 
country-wide coordinate system (parcel identi­
fiers) 

Unique parcel identifier 

Administrative district 

Physical description of monuments ("beacons") 

Geodetic control points to which survey was con­
nected 

Whenever a deed refers to rights or restric­
tions over a part or the whole parcel, it refers 
directly to the attached survey diagram. In this 
way, land surveyors deal with the spatial as­
pects of land registration and lawyers (con­
veyancers) with the legal, nonspatial aspects. 
The quality of the product (deed/diagram) is 
such that no state guarantee or title insurance 
is required to provide security to the system. 

Although deeds in the United States in­
creasingly refer to survey plans, particularly 
subdivision plats, opportunities for the cre­
ation of country-wide cadastral overlays are 
being missed by the surveying profession. If 
land surveyors wish to enter the mainstream of 
LIS development, they will have to adopt a 
broader outlook toward property surveys and 
move away from a purely measurement­
oriented role. This is particularly true in the 
light of advances in geopositioning technolo­
gies like global positioning system (GPS) that 
simplifY the measurement process and there­
fore make measurement more accessible to 
untrained individuals outside the surveying 
profession. 

Advances in information systems technolo­
gies, such as GIS, provide new opportunities 
for integrating surveyed spatial data with the 
attribute data that are traditionally captured in 
land registration systems. In fact, GIS offers 
many other opportunities for those of us that 
deal with spatial information. Before examin­
ing potential applications of this technology it 



is necessary to understand more about the 
technology itself. 

35-5. GEOGRAPHIC 
INFORMATION SYSTEMS 

The following GIS definitions, taken from sev­
eral of the foremost GIS specialists, describe 
the principal components of a GIS. Marble55 

explains that a GIS is composed of the follow­
ing components: 

Data input component for collecting and pro­
cessing spatial data 

Data storage and retrieval component that orga­
nizes the spatial data so that they can be effi­
ciently retrieved and edited 

Data manipulation and analysis component, 
which reconfigures (generalizes, aggregates, etc.) 
data for specific purposes 

Data-reporting component for displaying data in 
a tabular or map form 

Other definitions treat GIS as a set of tools for 
managing and analyzing spatial data: 

... A powerful set of tools for collecting, storing, 
retrieving at will, transforming, and displaying 
spatial data from the real world. 56 

... Computer assisted systems for the capture, 
storage, retrieval, analysis and display of spatial 
data. 57 

GIS rely on the integration of three distinct 
aspects of computer technology: database 
management (of graphic and nongraphic 
data); routines for manipulating, displaying, 
and plotting graphic representations of the 
data; and algorithms and techniques that facil­
itate spatial analysis.58 Increasingly, GIS are 
being seen as systems for integrating, manag­
ing, and analyzing spatial data from a diverse 
range of sources. These data may be tabular 
(e.g., tables containing parcel identifiers, own­
ers' names, street addresses, assessed value), 
graphic (e.g., maps, plats, drawings), image 
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(e.g., scanned images of deeds and aerial pho­
tographs), raster (e.g., Landsat and SPOT im­
ages), or video data. Two general approaches, 
raster and vector, have been used to organize 
the data in a GIS. 

35-5-1. Raster-Based GIS 
Raster-based GIS make use of a series of 

grid cells or pixels as a spatial framework for 
referencing data. The advantage of this ap­
proach is that it provides a simple method for 
investigating the spatial relationships between 
different features as each feature is referenced 
to a particular cell(s), and each cell is address­
able, as shown in Figure 35-9. A few decades 
ago, organizing data in this manner would 
require a manually drafted raster transparency 
that was then overlaid on the map and the 
relevant attributes of each cell noted. To com­
pare data from another map of the same area, 
the same procedure would be followed and 
the relevant data recorded against each cell. 
The two sets of attributes for each individual 
cell could then be compared to reveal the 
status of that particular area on the ground. 

Present-day technology has significantly im­
proved our ability to capture raster data more 
efficiently. Most notably, advances in satellite­
borne scanners, such as the multispectral scan­
ner (MSS) and thematic mapper (TM) of 
LandSat, and the high-resolution visible (HRV) 
instruments of the SPOT system now enable us 
to capture large sets of data on an ongoing 
basis. These systems produce raster data in 
digital form, with pixel values representing 
reflectance values of particular wavebands. The 
resolution, or area of the pixel, in the LandSat 
and SPOT systems varies from 80 X 80 m down 
to 10 X 10m (SPOT panchromatic). Although 
these scanners do not have a high enough 
resolution for capturing parcel boundary data, 
they are extremely useful for capturing land 
cover and land-use data over large areas. Fur­
ther details on remote sensing can be found in 
the work of Lillesand and Kiefer,59 the Ameri­
can Society of Photogrammetry,60 and Camp­
bell.61 
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Figure 35-9_ Organization of data in a raster-based GIS. (From J. Dangermond, 1983, A 
classification of software components commonly used in geographic information systems, 
Design and Implementation of Computer-Based Geographic Information System (D. Peuquet and J. 
O'Callaghan, Eds.), New York: IGU Commission on Geographical Data Sensing and 
Processing.) 

An area that is receiving increasing atten­
tion and holds great promise for GIS is digital 
photogrammetry. Digital cameras make it pos­
sible to capture terrestrial and aerial data di­
rectly in digital form. Although this is clearly 

another form of remote sensing and the digi­
tal products do not equal the quality of tradi­
tional aerial photography, digital cameras have 
several advantages over satellite-based remote 
sensing. Most important, the pixel resolution 
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is higher (pixel size varies from 5 to 60 JL) and 
there is more flexibility in the selection of 
resolution as this is to a large degree a func­
tion of the flying height. In addition, the 
geometric accuracy of the data obtained via 
digital photogrammetry is superior to that of 
satellite images. 

Most of the efficient map-scanning devices 
produce digital raster data by scanning the 
manual map and storing the result in an array 
of pixels. The initial capture of these data is 
certainly much more efficient than manual 
digitizing methods; however, the editing that 
is required subsequent to capturing the data 
tends to make scanning somewhat less attrac­
tive. The complexity of the original map (dif­
ferent line weights, shading, stains) also influ­
ences the decision of whether to use scanning 
or manual digitizing. Current research into 
the automation of the editing process and 
more effective raster to vector conversion rou­
tines will no doubt make scanning an increas­
ingly attractive option for the acquistion of 
map data. 

Raster-based GIS have limited applicability 
to parcel mapping and most of the types of 
data that land surveyors both produce and 
use. Since LIS are essentially parcel-based, 
vector-based GIS that record linear data more 
precisely are generally selected to support LIS. 

35-5-2. Vector-Based GIS 
Vector-based GIS generally treat map data 

as point, line, and polygon entities. Points are 
defined by X- and Y -coordinates, preferably in 
a "real-world" coordinate system (e.g., state 
plane, UTM), but local coordinate systems as 
well as digitizer table coordinates are also 
commonly used. Lines are defined by pairs of 
specific points, and polygons by a series of 
lines. The interrelationship of these three en­
titites in a GIS database is central to the 
database structure in a vector-based GIS. 

When humans look at a map, we can auto­
matically, or implicitly, tell which points are 
the corners of a particular parcel and which 
lines constitute the boundaries of that parcel 

(polygon). In a computer environment, such 
implicit relationships must be explicitly de­
fined because computers cannot intuitively de­
rive these relationships. In most GIS, point­
line-polygon topology is used to define these 
relationships. Topology in this context refers 
to nonmetric relationships between different 
entities and is essential for describing condi­
tions of connectivity, intersection, and adja­
cency. Figure 35-10 shows an area covered by 
five parcels that will be used to illustrate how 
basic topological relationships are incorpo­
rated in a database. The state plane coordi­
nates for all property corners and boundary 
distances are as shown. 

The point table (see Table 35-1) defines the 
spatial location of all point entities. It does this 
by associating a unique point identifier with its 
relevant X- and Y-coordinates. Generally, the 
type of point (e.g., property corner, centroid) 
is included in the table so that points may be 
separated into thematic layers. Other data 
items, such as monument description, date set, 
surveyor's name, date, etc., can be added to 
this table or created in a separate table and 
related to the point table through the point 
identifiers. For a more detailed discussion of 
cadastral database design issues, readers are 
encouraged to refer to von Meyer's paper.62 

The line table (see Table 35-2) not only 
defines the two points defining the terminals 
of the line, but defining one of these points as 
a beginning point and the other as an end­
point, a direction is imparted to the line. This 
facilitates the inclusion of adjacency condi­
tions that are defined by means of the polygon 
identifiers situated to the left (LPOLU and 
right (RPOL\J of the line. As in the point 
table, the type of line (e.g., boundary, street 
centerline, powerline, pipeline, etc.) is in­
cluded so that different types of lines can be 
distinguished and dealt with separately when 
required. Attribute data that are not part of 
the topology can also be included in the table. 
These may include distances (from a deed, 
plat, or current survey), dates (e.g., date of 
survey, date pipe laid), physical description 
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Figure 35-10. Parcel map showing point. line, and parcel identifiers (not to scale). 

(e.g., diameter of pipe, voltage, material of 
pipe), and many other types of attributes. 

The polygon table (see Table 35-3) lists the 
polygon identifiers and centroid of each poly­
gon. The term centroid is often used loosely in 

Table 35-1. Point table 

PointID X-Coordinate 

1 800,000.00 
2 800,080.00 
3 800,155.00 
4 800,276.24 
5 800,000.00 
6 800.080.00 
7 800,155.00 
8 800,258.92 
9 800,000.00 

10 800,080.00 
II 800,160.00 
12 800,263.92 
13 800,040.00 
14 800,040.00 
15 800,II7.50 
16 800,171.96 
17 800,206.96 

the GIS literature to mean any point that is 
more or less in the center of the polygon and 
is therefore more accurately regarded as a 
pseudocentroid. This point is useful for label­
ing polygons or displaying certain attribute 

Y-Coordinate Type 

128,200.00 Parcel corner 
128,200.00 Parcel corner 
128,200.00 Parcel corner 
128,130.00 Parcel corner 
128,100.00 Parcel corner 
128,100.00 Parcel corner 
128,100.00 Parcel corner 
128,040.00 Parcel corner 
128,000.00 Parcel corner 
128,000.00 Parcel corner 
128,000.00 Parcel corner 
127,940.00 Parcel corner 
128,150.00 Parcel centroid 
128,050.00 Parcel corner 
128,150.00 Parcel corner 
128,080.00 Parcel corner 
128,120.00 Parcel corner 
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Table 35-2. 

Line 
ID 

a 
b 
c 
d 
e 
f 
g 
h 

j 
k 
I 

m 
n 
0 

P 

Line table 

Begin 
Pt. 

1 
2 
3 
1 
2 
3 
4 
5 
6 
7 
5 
6 
8 
9 

10 
11 

End 
Pt. 

2 
3 
4 
5 
6 
7 
8 
6 
7 
8 
9 

10 
12 
10 
11 
12 

L. 
Poly. 

630 
632 
634 

630 
632 
634 
631 
633 

631 
633 
633 

data (e.g., area, assessed value, owner's name) 
in a graphic form. In many instances, the 
centroid is used for referencing attribute data 
and may even be used to graphically represent 
the parcel when the boundaries of the parcel 
are unimportant. In Milwaukee, this approach 
has been used to analyze the distribution of 
building permits granted during a specific pe­
riod, as well as spatial patterns of assessed 
property values, age of buildings, liquor li­
cense applications, property tax delinquencies, 
and many other citywide applications.63 Due 
to the vast amount of data needed to topologi­
cally define every single property parcel in a 
jurisdiction such as a county, this topology is 
excluded from the database and all parcel­
related data are associated with the parcel 
centroid. Huxhold explains: 

Many large jurisdictions, for example, do not 
create parcels as individual polgons, but choose 

Table 35-3. Polygon table 

Poly ID Centroid Type Vertices 

630 13 Parcel 1,2,6,5,1 

631 14 Parcel 5,6,10,9,5 
632 15 Parcel 2,3,7,6,2 
633 16 Parcel 6,7,8,12,11,10,6 
634 17 Parcel 3,4,8,7,3 

R. 

Poly. Type Distance 

630 Boundary 80.00 
632 Boundary 75.00 
634 Boundary 140.00 

Boundary 100.00 
630 Boundary 100.00 
632 Boundary 100.00 
634 Boundary 91.65 
631 Boundary 80.00 
633 Boundary 75.00 
633 Boundary 120.00 

Boundary 100.00 
631 Boundary 100.00 
633 Boundary 100.12 

Boundary 80.00 
Boundary 80.00 
Boundary 120.00 

rather to create boundaries as separate lines 
that, when displayed on a map, correctly portray 
the parcels. Parcel identifiers [Centroids] are then 
usually digitized on a separate overlay that can 
be combined with the parcel boundary overlay 
to display the parcels with their identifiers. With­
out explicit polygon definitions, these parcels 
cannot be manipulated as geometric entities (to 
perform area calculation, area shading, point­
in-polygon determination, etc.). They can, how­
ever, be displayed and viewed by the map user 
for many valuable applications (parcel map re­
trieval, parcel attribute display, parcel map over­
lay with other geographic features, etc.) as long 
as unique parcel identifiers are included in the 
base map information. These identifiers should 
be located inside the parcel so that their XY 
coordinates can be used to associate attribute 
data with the correct location of the parcel when 
its boundaries are displayed.64 

It should be pointed out that from a surveying 
standpoint (as opposed to a more general GIS 
viewpoint), the inclusion of parcel topology is 
highly desirable since many surveying applica­
tions focus on the parcel level. 

Many GIS make use of a relational database 
structure for organizing and managing at­
tribute data (including topological data). This 
structure essentially consists of a series of 
tables that are linked or related' by means of 



common data fields as illustrated in Figure 
35-11. The flexibility and minimization of data 
redundancies give relational databases an 
advantage over those structured on a hier­
archical or network basis. Conceptually, any 
number of related tables may be created, but 
memory and processing efficiency will clearly 
constrain the size of the database. In Figure 
35-11, five related tables containing parcel, 
assessment, owner, census, and deed data are 
shown. As the arrows indicate, the parcel table 
can be related to the assessment, owner, and 

Parcel Table 
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deed tables via the parcel identifier. Likewise, 
the parcel table can be linked to the census 
table through the census tract number. 

Although there appears to be increasing 
debate about the role of GIS in managing data 
from property surveys (see the section on the 
cadastral overlay), it should be clear from the 
above discussion of relational databases that 
this structure is flexible enough to handle 
most data. In the context of property surveys, 
different tables could be created for different 
types of evidence (record, measurement, phys-

Parcel ID Address District Census Tract Number 

0056 111 E. Weber St. 10 45 
0157 29 N. High St. 12 92 
0258 1122 Augsberger Ave. 14 103 
0359 2205 Point Rd. 8 64 

j , 
Assessment Table Owner Table 

Parcel ID Assessed Value Date Assessed Name PID 

0056 70,000 1990 G. Barnes 0056 
0157 54,000 1989 G.L. Roth 0157 
0258 159,000 1989 R.G. Gregg 0258 
0359 120,000 1991 A.A. Jones 0359 

, , 
Deed Table 

Census Data 
Deed # PID Date 

Tract # Population Female Male 

45 550 300 250 V135P623 0157 2/12/68 
92 520 210 310 V 135P659 0157 5/1/91 
103 600 300 300 V129P243 0056 12/2/88 
64 725 370 355 V128P569 0258 9/10/90 

Figure 35-11. Relational database structure for storing attribute data. 
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ical, etc.). In deciding on the exact location of 
the original boundary, surveyors will compare 
evidence from various sources and arrive at a 
decision even if this evidence is conflic;ting. In 
most retracement surveys, such conflict will 
exist, but this does not mean that any of the 
evidence should be ignored and therefore left 
out of the database. Rather it should be in­
cluded in the database and "related" to asso­
ciated evidence data. 

35-5-3. Geocoding 
One of the most valuable assets of a GIS is 

its capability to integrate data from different 
sources. These data must, however, be spatially 
referenced. In other words, all attribute data 
must be associated with or referenced to a 
spatial unit that can be mapped. Examples of 
such reference units include parcels, blocks, 
districts, subdivisions, zoning districts, census 
tracts, garbage collection districts, land-use 
units, forestry units, townships, sections, ease­
ments, health districts, emergency response 
zones, incorporated areas, and many other 
units. In Milwaukee, over 200 of these refer­
ence units were found to be used for the 
various urban management and administra­
tion activities.65 In cases where these units are 
components of a larger area (e.g., sections and 
townships, parcels and blocks), data from the 
smaller units can simply be aggregated up to 
the larger units. However, in many cases, these 
units do not share any boundaries and were 
chosen without any consideration of the other 
units. In urban environments, addresses may 
be used as a bridge between these units and 
the attribute data referenced to these units. 
Huxhold describes the situation as follows: 

Because local government has such a direct im­
pact on individuals and their properties, most .of 
its functions require an address as part of their 
information base, and these addresses can be 
located in each of the 200 different geographic 
areas. A given address, for example, could be 
located in Census Tract 43, Aldermanic District 
9, Housing Code Inspection District 213, Solid 
Waste Collection Route 3A, Police Squad Area 

C23, and so on. Conceivably, then, each address 
could have over 200 geocodes assigned to it in 
order to be able to summarize data by any 
geographic area. .. . 

The assignment of geocodes to records in non­
graphics data bases is called geocoding. Geocod­
ing is a process that is performed either manu­
ally or with a computer to assign location identi­
fiers to data for further geoprocessing of the 
data for analysis.66 

In order to perform geocoding in a computer­
ized mode, a geographic base file is created 
that links addresses with the various spatial 
units so that the units associated with each 
address (or address string) are explicitly in­
cluded in a single table or set of related tables. 
To some extent, the parcel file shown in Fig­
ure 35-11 acts as a geographic base file by 
cross-referencing parcel, district, and census 
tract units. The most well-known geographic 
base files are the GBF /DIME and TIGER files 
created by the V.S. Census Bureau for the 
1970 and 1990 population censuses. These files 
make use of street segments, usually the line 
between two street intersections, as a basis for 
connecting addresses to other units. Although 
the precision of the graphic data in the DIME 
and TIGER files is inadequate for cadastral 
purposes, it is extremely useful for regional 
and network analysis as well as infrastructure 
management. For more information on these 
files, see the work of Marx,67 the V.S. Bureau 
of the Census,68 and Sobe1.69 

35-5-4. GIS Applications 
GIS are used in a number of different disci­

plines for a broad range of applications. Any 
discipline, or interdiscipIine, concerned with 
spatially related data can benefit from this 
technology. In a paper on the current and 
potential uses of GIS, Tomlinson specifically 
mentions the following application areas: 
forestry; property and land parcel data; utili­
ties; transport, facility, and distribution plan­
ning; civil engineering; agricultpre and envi­
ronment. GIS is also being used extensively for 



modernizing land records, particularly in 
highly urbanized areas. Since this application 
leads directly to the creation of LIS, a more 
detailed discussion of three counties that have 
incorporated GIS in their modernization ef­
forts is given in the next section. 

35-6. CASE STUDIES 

Three case studies are included in the final 
section of this chapter. They are all county­
level initiatives that, because of their dominant 
urban character, were developed with a strong 
focus on parcel-level data. In addition to ad­
dressing the various technical components of 
these systems, we have attempted to portray 
the motivation behind each of these projects. 

35-6-1. WyandoHe County, KS 

Wyandotte County is a 159-sq-mi area situ­
ated in the Kansas City metropolitan area. The 
county has been described as "an aging indus­
trial center experiencing problems typical of 
older, blue-collar communities in the United 
States.,,70 The primary motivation for the de­
velopment of an LIS in Wyandotte County was 
to improve the assessment records and collec­
tion of delinquent property taxes. Problems in 
the assessment system were initially identified 
in 1971 when a new computerized billing sys­
tem was introduced. The large amount of 
delinquent taxes subsequently became a seri­
ous political issue, particularly after the county 
surveyor estimated that as much as $9 million 
was owed to the county. Having identified the 
dimensions of this problem, he suggested that 
the inadequate assessment system could be 
improved through the development of an LIS 
based on an accurate parcel map. Much of the 
early success of this LIS can therefore be at­
tributed to the county surveyor, who became 
known as the "$9 million man!,,71 

Like many county systems, the Wyandotte 
County LIS, known as LANDS, began with a 
m,yor base mapping program that was to serve 
as a basis for the cadastral overlay. This base 
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map was compiled stereo-photogrammetrically 
from 1: 1200 scale aerial photography and 
produced at an identical scale. The map shows 
planimetric details (such as buildings, roads, 
and utility poles) as well as contours at a 2-ft 
contour interval. The Kansas state plane coor­
dinate system is indicated at 500-ft intervals, 
and horizontal and vertical accuracies are esti­
mated to be in the range of 3 ft and 1 ft, 
respectively.72 Two series of maps are main­
tained within LANDS. The 1: 2400 scale as­
sessment parcel section maps (see Figure 35-12) 
are derived from the quarter-section base maps 
(see Figure 35-13). 

The cadastral overlay was added to the base 
map by referring to deeds, assessment data, 
and subdivision plats and fitting these data to 
the graphic planimetric details of the base 
map. Rhodes described the process as follows: 

Because Kansas is part of the United States Pub­
lic Land Survey, section comers and lines are 
the basis for all parcel descriptions. In Wyan­
dotte County, however, a precise and accurate 
location for these comers has not been avail­
able. Monumentation has either been physically 
obliterated, lost, or made ambiguous by perpetu­
ation of multiple positions for the same comer. 
Subsequently, deeded property descriptions are 
not definitive references to parcel location. Even 
subdivision plats could not be plotted accurately 
in many cases. Many gaps and overlaps were 
noted as parcel boundaries were added to the 
maps, although, the anomalies are not shown. 

The bottom line in all this is that accurate parcel 
maps are essential to a modern land records 
system, however, the cost of remonumentation 
was prohibitive. Therefore, an incremental ap­
proach was taken ensuring an adaptable map­
ping process in which new, more precise loca­
tion data could be incorporated as it became 
available.73 

Although gaps and overlaps are not shown 
graphically on the cadastral overlay, conflict­
ing data are retained and stored as attributes 
to the relevant parcel(s). 

The fact that there is no compulsory regis­
tration of deeds in the county created further 
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Figure 35-12. Wyandotte County assessment parcel section map. 
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Figure 35-13. Wyandotte County quarter-section base map. 
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problems as it meant that the public record 
was incomplete. All of the 66,000 parcels in 
the county were manually digitized using cus­
tomized software and parcel topology added 
to these data. The inclusion of this topology is 
considered an essential part of the cadastral 
overlay. A six-digit parcel identifier (e.g., 
931631) has been designed based on the num­
ber of the subdivision or tract of land (first 
four digits) and an actual parcel number (last 
two digits). 

Although the need for a geodetic reference 
framework was recognized early on in the 
project, it was only in 1988 that resources were 
made available for this purpose. The network 
was designed to have a uniform density of 
approximately 2 mi, with some additional con­
trol in areas where future development was 
anticipated. The establishment of the network 
(monumentation, observations, adjustment, 
etc.) was undertaken as a cooperative project 
involving federal government agencies, county 
agencies, and private surveyors. GPS technol­
ogy was used to determine positions for the 67 
points in the network and the observing work 
was completed in a mere 3 wk. Field closures 
achieved ranged from 1 : 240,000 to better than 
1 : 3,000,000.74 A series of azimuth marks were 
also established approximately halfway be­
tween the GPS points. These positions will be 
determined by traverse to second-order, class 
II standards, thereby providing an accurate 
geodetic framework at I-mi density. The final 
component of this cooperative project was a 
5-day workshop offered to local land surveyors 
on GPS, state plane coordinates, coordinate 
transformations, and other related topics. This 
should be part of any LIS project as it not only 
provides education, but also promotes the co­
operation of local professionals who are vital 
to the sustainability of the entire effort. 

In 1989, a new set of aerial photography 
was flown in order to update the planimetric 
database. All of the GPS points and 135 sec­
tion corners were targeted prior to flying so 
that coordinates for the latter could be deter­
mined photogrammetrically. 

The major node in the Wyandotte County 
LIS/GIS is a parcel-based database known as 
LANDS. Crane described LANDS as follows: 

lANDS, an acronym for Land Data System, has 
been operational since 1982. lANDS is a multi­
purpose land information system consisting of 
large-scale planimetric base maps, a consolidated 
data base of land information, and automated 
mapping capabilities; all tied together by a tHligit 
unique parcel ID .... The entire system is main­
tained daily in an online, real-time, interactive 
environment, and data entry is distributed among 
the offices responsible for their respective data.75 

The LANDS database consists of 86 primary 
data elements that are arranged into 12 hier­
archical segments as shown in Table 35-4.76 
The system is based on an IBM 4381 main­
frame computer and the data are stored in a 
hierarchical database called DL/I. 

LANDS is closely linked to an appraisal 
information system, or node, called CAMA 
(computer-aided mass appraisal). This system 
contains detailed appraisal data and is used to 
support the property appraisal and taxation 
functions. The county has also installed an 
ARC/INFO GIS on a new PRIME computer 
that is used primarily for managing environ­
mental data (e.g., soils and geology) and carry­
ing out spatial analysis. Recently, a database 
containing video imagery was added to the 
system. This consists of a high-quality image of 
each property stored on a laser disk and 70 
"moving video" cassette tapes showing the 
general neighborhood around individual 
parcels.77 These data have proved to be ex­
tremely useful in the appraisal process. 

The greatest financial gains from the pro­
ject have come through recouping delinquent 
real estate taxes. In 1983, for instance, rev­
enues from this source exceeded the 10-yr 
budget for the entire project. The availability 
of topographic and planimetric data means 
planners, engineers, and surveyors do not have 
to acquire new data for every new develop­
ment project. This amounts to substantial sav­
ings in dollars, time, and effort as those data 



Table 35-4. lANDS Database data elements by segment 

Parcel Segment 
Parcel no. 
Taxable status (exempt/active) 
Tax volume 
Tax district 
Tax book 
Tax reference 
Land value 
Improvement value 
Total value 
Mortgage company 
Loan no. 
Map no. (quarter section) 
Plat name / section-township-range 
Coded for deletion-date 
Low-high block/lot no. 

Name Segment 
Last name 
First name 
Middle initials 
Name suffix 
Name type (owner or billing agent) 
Name sequence no. 
Phonetic name code 

Address Segment 
Address type (property, owner, billing) 
Direction 
Street no. 
Street name 
Street suffix (St., Dr., Ave.) 
City 
State 
Zip code 
Miscellaneous address (nonstandard) 
Address sequence no. 

Legal Description Segment 
Block 
Lot (from) 
Lot (to) 
Metes-and-bounds description (unformatted) 

Special Assessment Segment 
Special code 
Payout year 
Tax year 
Tax year amount 
Tax year item 

Envelope Segment 
Centroid x-v 
Delta X 
Delta Y 
Frontage 
Area 
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Environment Segment 
Land use 
Zoning 
Master plan code 
Appraisal class 

Remark Segment 
Sequence no. 
Remark type 
Remark text 

Tax Roll Segment 
Tax year 
Item no. 
Land value 
Improvement value 
Total value 
Tax rate 
General tax 
Special assessmen t 
Advertising fee 
Total tax 

Tax penalty date 
Payment status 

Payments Segment 
Payment date 
Payment type 
Batch no. 
Tax amount 
Interest amount 
Payment code 
Refund type 

Billing Description Segment 
Legal description 

GeoSegment 
Census block 
Census tract 
Tract suffix 
Voting ward 
Voting precinct 
Precinct suffix 
School district 
Drainage district 
Political districts 
Service districts 

Audit (for Each Segment) 
Transaction ID code 
Initials 
Department 
Form no. 
Form type 
Date 
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are freely available from the county at a nomi­
nal cost of $5 per quarter-section. This can be 
compared with an estimated $5000 to gather 
the same data for a 40-acre site.78 Other appli­
cations include cut/fill analysis, accident site 
reconstruction, hydrographic studies, site and 
development planning, assessment, and legal 
projects. It is estimated that the system saves 
an estimated $100,000 per year just on these 
activities. 

Having received awards from both the Ur­
ban and Regional Information Systems Associ­
ation (UruSA) and National Association of 
Counties (NACO), the Wyandotte County 
LIS/GIS represents an exemplary system. It is 
appropriate to conclude this case study with 
the wisdom that has been gained by the county 
surveyor who championed this system to its 
award-winning status: 

Cooperation, communication, and sharing are 
perhaps the three most essential ingredients in 
the building and establishment of land informa­
tion systems in Wyandotte County. Economically 
accessible geodetic control is changing our lives. 
However, we have found that any successes in 
the past and the goals we are striving toward 
today hinge greatly on these three ingredients. 
Without the benefit of cooperative effort, new 
techniques and new technology have little more 
than a minuscule impact on the ways of the 
world.79 

35-6-2. Franklin County, OH 
Franklin County envelopes the Columbus 

Metropolitan area that has been cited as the 
fastest growing urban center in the northwest 
quadrant of the United States. The 543-sq-mi 
area is composed of 17 townships, 26 incorpo­
rated cities, and approximately 330,000 parcels 
of land. It is further complicated by the four 
different systems used for the original subdivi­
sion of this land. These consist of U.S. military 
lands (5 X 5 mi townships), Virginia military 
lands (metes and bounds), the refugee tract, 
and u.s. Congress lands. The latter two tracts 
of land were subdivided into conventional 6 X 
6-sq-mi townships and I-sq-mi sections. 

The LIS project was initiated by the Franklin 
County Auditor's Office primary as a means of 
upgrading its property appraisal capabilities. 
The motivation for the project was described 
as follows in the Project Overview Document: 

Under the Ohio Revised Code (ORC), county 
auditors are permitted to prepare appraisal maps 
that contain information on traditional tax maps 
prepared by the county engineer and also addi­
tional data, such as building diagrams and loca­
tions, and other appraisal information main­
tained by the county auditor. A modem, com­
puterized appraisal mapping system would allow 
the auditor to easily access property record data 
(now stored on property record cards) with the 
appraisal map. The preparation of these modem 
appraisal maps is clearly part of the appraisal 
and valuation process and also is part of the 
auditor's duties as assessor of all real property in 
the county.80 

Funding for the project was obtained from the 
auditor's real estate assessment fund that is set 
aside to cover costs related to the appraisal 
process. For this reason, the auditor's office 
has been the key agency in this project. 

The project for developing what was termed 
a computerized appraisal and mapping system 
(CAMS) began in 1987 with the establishment 
of a 96-point geodetic reference framework. 
The positions of all points were determined by 
a GPS to first-order accuracy (1 : 100,000). This 
network was densified by adding 47 azimuth 
points. The total cost to create this network 
(including monumentation) was $234,500, 
which meant an approximate $1600 per point 
in 1987 dollars.81 Photography at a scale of 
1" = 1320 ft (1 : 15,840) was used to densify 
the control network through aerial triangula­
tion in order to provide photo control for 
mapping planimetric details from larger-scale 
photography. 

The digital base map, or planimetric 
database, was derived from 1" = 660 ft 
(1 : 7920) scale aerial photography and plotted 
at a scale of 1" = 100 ft (1 : 1200). The result­
ing map is important as a means of controlling 
the quality of the database and as a product 



for external users. This was particularly true in 
the case of Franklin County, as almost all of 
the database creation work was undertaken by 
outside contractors and subsequent quality 
checks were done in-house by examining line 
maps produced from these data. However, the 
database that is used to create the map must 
be viewed as the most important outcome of 
this "mapping" effort. Once the computer­
ized system is fully operational at the auditor's 
office, the use of manual products like maps 
will undoubtedly decrease and be replaced by 
the more comprehensive and flexible digital 
database. The m3Jor data layers in the plani­
metric database together with their respective 
data elements are summarized in Table 35-5. 
Initially, contour data were not included in 
the database, but they were later added after it 
was established that there was a significant 
demand for such data. A contour interval of 
2 ft was selected for this dataset. 

The cadastral overlay was created by re­
searching all relevant deeds, subdivision plats, 
and other available plans depicting property 
boundaries. Once again, this work was con­
tracted out and the resulting cadastral map 
delivered to the auditor's office for quality 
control. This map consisted of boundary lines 
drawn on 1" = 100 ft (1: 1200) scale or­
thophotography derived from 1" = 600 ft 
(1 : 7200) scale aerial photography flown 
specifically for the project. Once the cadastral 
maps had passed certain internal quality 
checks, they were sent to another contractor 
for digitizing. The resulting digital data are 
checked once more in the auditor's office to 
ensure that all data elements are included in 
the respective data layers.82 

The data described above reside on a DEC 
6310 and Synercom's GIS, INFORMAP III, is 
used for spatial queries and managing the 
graphic data. ORACLE is used as a database 
management system for the attribute data. 
Since a significant amount of real estate ap­
praisal data already existed on another system 
(IBM 3090), it was necessary to network these 
systems together by means of an SNA gateway 
so that data could be passed back and fourth 
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between the two databases. This network is 
now operational and personnel at the auditor's 
office estimate that the system will reduce the 
reappraisal process by about a year. In Franklin 
County, properties are reappraised every 6 yr, 
and under the old system this process would 
require 3 yr to complete. 

Besides the obvious benefits to the auditor's 
office, various local authorities will gain a cur­
rent digital database as a foundation for their 
own systems. For the proper local areas, this 
represents an inexpensive opportunity to im­
prove their land information management ca­
pabilities. In many cases, they have neither the 
funds nor the personnel to create such a 
database for their jurisdictions. Since the 
database creation process has been controlled 
by a single county office, the quality standards 
of the data should be consistent throughout 
the county. This will facilitate data integration 
among the various incorporated areas and 
other local authorities across the county by 
placing them on a common foundation. 

This project recently came under the politi­
cal spotlight when the incumbent auditor came 
up for reelection. He was challenged by a 
political opponent who claimed that the 
LIS/GIS was "an expensive gas guzzler" and 
the funding for the program should instead be 
directed toward the school districts in the 
county.83 The auditor won the election hand­
ily, but continued investigations of the project 
eventually unearthed certain irregularities with 
regard to campaign funds received from sev­
eral of the companies contracted to develop 
the LIS/GIS and he has been forced to resign. 
It is, perhaps, unfortunate that this LIS/GIS 
program became a political "football," but 
the reality is that such programs generally 
require large sums of money ($18 million in 
the case of Franklin County) that inevitably 
draw them into the political spotlight. The 
challenge is to develop an information system 
that is recognized as a community resource. 
Furthermore, it is important to emphasize 
benefits to the public in the form of improved 
decision making, which will hopefully lead to 
more effective governance. 
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Table 35-5. Franklin County appraisal GIS data items and layers 

DATA ITEM (Layer #) 

Title Block Data (1-3) 

Primary Transportation (8) 
Airfield pavement (runway) 
Airfield pavement (apron) 
Airfield pavement (unpaved runway) 
Roadway (paved) 
Roadway (unpaved) 
Alley (paved) 
Alley (unpaved) 
Overpass jbridge 
Roadway under construction 

Secondary Transportation (9) 
Major walkways 
Parking lot (paved) 
Parking lot (unpaved) 
Drives (paved) 
Drives (unpaved) 
Highway berm (paved) 

Transportation Annotation (10) 
Parking lot labels 
Supplemental trans. annotation 
Supplemental roadway annotation 

Primary Structures (11) 
Building outline 
Dam 

Secondary Structures (12) 
Building outline (secondary) 
Building foundations 
Major retaining walls 
Docks, slabs, courts, towers 
Storage tanks 
Misc. structures 
Roof separations 
Substations 

Structure Annotation (13) 
Structure annotation 
Misc. structure annotation 

Misc. Structure Symbols (14) 
Monuments 
Swimming pools 

Primary Hydrography (15) 
Streams, rivers, creeks, lakes, ete. 

Secondary Hydrography (16) 
Drainage ditches, swamp outlines 

Hydrography Annotation (17) 
Hydrography annotation 

Railroad (18) 

Railroad 
Railroad (abandoned) 

Centerline (19) 
Roadway centerline 

DATA ITEM (Layer #) 

Roadway Centerline Symbols (20) 
Roadway centerline intersections 

Utilities (Water) (21) 
Water manhole 
Fire hydrant 
Water valve 

Utilities (Storm) (22) 
Storm manhole 
Catch basin/curb inlets 
End of pipe (storm) 

Utilities (Storm Lines) (23) 
Headwall (storm) 
Paved storm drainage ditch 
Misc. storm drainage structures 

Utilities (Sanitary) (24) 
Sanitary manhole 

Utilities (25) 
Utility pole 
Electric manhole 

Utilities (Telephone) (26) 
Telephone manhole 

Utilities (Gas) (27) 
Gas manhole 
Gas valve 

Misc. Symbols (28) 
Misc. poles 
Mise. manholes 
Satellite dishes 
Antennas 
Mise. utility structures 
Swamp 

Utilities (29) 
Transmission line 
Pipelines 

Area Lines (30) 
County boundary line 

Misc. Annotation (31) 
Swamp annotation (1" = 100' scale) 
Misc. annotation (1" = 100' scale) 
County boundary annotation 

(1" = 100' scale) 
Misc. Annotation (32) 

Mise. annotation 0" = 400' scale) 
County boundary annotation 

(1" = 400' scale) 
Misc. Annotation (33) 

Misc. annotation (1" = 1000' scale) 
Municipality annotation (1" = 1000' scale) 
County boundary annotation 

(1" = 1000' scale) 



DATA ITEM (Layer #) 

Misc. Annotation (34) 
Mise. annotation 0" = 2000' scale) 
Municipality annotation 

(I" = 2000' scale) 
County boundary annotation 

0" = 2000' scale) 
Misc. Area Line (35) 

Paved recreational surfaces 
Unpaved recreational surfaces 
Playing fields 
Golf courses 
Small cemetery fences 

Control Symbols (36) 
Horizontal control 
Combination horizontal/vertical control 
Vertical control 

Hydrography Intersections Symbol (37) 
Hydrography intersections 

Tax District Centroids (41) 
Centroid symbol 

Subdivision Boundaries (42) 
Subdivision boundary 

Subdivision Centroids (43) 
Subdivision centroids 

Subdivision Index Annotation (44) 
Annotation 

Ftighbro~lVay(45) 

Right-of-way line 
FUght-ilf-lVay-Annotation (46) 

Right-of-way dimensions 
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DATA ITEM (Layer #) 

Parcels (47) 
Parcel outline 
Railroad rights of way 
Vacation line 

Parcel Annotation (48) 
Parcel dimensions 

Parcel Centroids (49) 
Centroid 

Parcel Symbology (50) 
One-half land hook 
Full land hook 
Dimension marker 

Parcel Leader Lines (51) 
Leader line 

Subdivision Lot Lines (52) 
Lot line 

Subdivision Lot Numbers (53) 
Lot numbers 
Vacation labels 

Easement Lines (54) 
Cros!rcounty easement 

Easement Annotation (55) 
Cros!rCounty easement dimensions 

Parcel Condominium Centroids (56) 
Centroid symbol 

Condominium Centroid (57) 
Centroid symbol 

Appraisal Centroid (58) 
Centroid symbol 

Ftight-ilf-lVay Centerline (59) 
Centerline 

Source: M. Rhodes and E. Crane. 1984. Lands-A Multipurpose Land Information System, Proceedings of FIG Symposium. 
Edmonton, Alberta, pp. 86-87. 

Although the Franklin County program co­
ordinates its efforts to some extent through an 
advisory committee composed of interested in­
dividuals from various city and county agen­
des, the implementation of the project was 
controlled by the auditor's office. Ideally, the 
funding and control of the program should be 
broad-based, either by forming a close consor­
tium of various county and city agencies, or 
creating a new agency that is specifically 
charged with the implementation of an 
LIS/GIS (see the next section). A well­
designed system is often regarded as one that 
can withstand major administrative and politi­
cal changes. Given the high political profile of 
the Franklin County system, it will be interest-

ing to observe the direction of this program 
under the leadership of a new auditor. 

35-6-3. Prince William County, 
VA 

Prince William County (PWC) is located 
approximately 35 mi southwest of Washington, 
DC, in an area that is experiencing rapid 
population growth and development pressure. 
The county is 350 sq mi in area and supports a 
population of almost 230,000 people. The 
county experienced a population increase of 
45% during the 1980s and it is anticipated 
that the 83,000 parcels in the county will in­
crease by over 6500 per year. 84 
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The development of the PWC LIS can be 
traced to the establishment of a Land Use 
Information Committee (LUIC) in the early 
1980s. This committee, comprised of depart­
ment heads from 15 different county agencies, 
was given the responsibility of "developing a 
concept and devising a means of more effi­
ciently managing the County's land informa­
tion.,,85 The following problems were identi­
fied by the LUIC and a subcommittee ap­
pointed to deal with technical issues: 

Lack of a model or unifying concept for linking 
geographic information in the county 

No unique parcel and structure identifiers that 
would facilitate data integration and sharing be­
tween different county agencies 

Updating problems due to information redun­
dancies and inconsistencies 

Data quality problems due to lack of standards, 
data inconsistencies, and procedural deficiencies 

No standardized and reliable method for retain­
ing historical data on parcel changes and admin­
istrative actions that affect parcels 

Difficulties in upgrading existing automated sys­
tems because they were designed for specific 
functions86•87 

The LUIC recommended that a separate Office 
of Mapping be created in order to promote a 
unified approach toward land information 
management in the county. Musselman ex­
plains how this was achieved: 

In 1985 the first county-wide department-level 
was established in Prince William County. Parts 
of several departments were put together to form 
the Office of Mapping, the base mapping was 
collected from Public Works, the parcel map­
ping from Assessments and street naming and 
addressing from the Planning Office.88 

Using the multipurpose cadastre as a model, 
the Office of Mapping focused its initial efforts 
on the control and base mapping required to 
support such a model. The initial geodetic 
reference framework consisted of 83 points 

whose pOSItIOns were determined to second­
order, class I accuracy by means of CPS. The 
network was designed to provide a uniform 
density of points spaced approximately 2 mi 
apart. Funding for the subsequent densifica­
tion of this network down to a half-mile den­
sity is derived from a per acre development 
fee that is assessed on every new development 
in the county. 

The next phase in the LIS development 
process was to acquire color aerial photog­
raphy at a scale of 1 : 14,400 for the purpose of 
creating a digital base map. All photo identi­
fiable topographic and planimetric data were 
plotted at a scale of 1" = 200' (I : 2400). The 
initial database was based on 1987 photogra­
phy and the county plans to update these data 
by acquiring new color aerial photography 
every 2 yr. The cadastral overlay was created 
primarily from available deeds and subdivision 
plats. 

The LIS has been designed to include two 
major components. The administrative infor­
mation system (AIS) deals primarily with at­
tribute or tabular data that are used heavily 
for day-to-day functions. Marshall describes the 
rationale behind the AIS as follows: 

In developing the AlS, land information was 
viewed as a "corporate resource." We recog­
nized that fundamental changes were necessary 
to our management of information-not only to 
enable more effective sharing of data, but more 
importantly to better operate the various admin­
istrative functions for which the County had 
responsibility ... the land information system had 
to be a management tool that could improve the 
flow of information and make administrative 
functions more effective and efficient. 

We knew that there was a core of information 
about parcels, and the structures and units that 
occupied them, that must be readily available to 
all users-items such as ownership, zoning, cor­
rect address, etc. Thus, at the heart of the AlS 
would be a "corporate database" that would be 
updated as administrative functions occurred in 
agencies. All application systems would eventu­
ally be designed to update data irl the corporate 



base as well as draw from it. The capabilities that 
could be provided by a relational data base man­
agement system were essential to making this 
concept work by enabling flexible structuring of 
data relationships. A variety of agency keys, such 
as address, map sheet number, or file number 
could be related and indexed to the parcel iden­
tifier, making retrieval of information across 
agencies feasible.89 

ORACLE is used as a database management 
system for these data and an HP 3000 com­
puter was purchased to support all central AIS 
requiremen ts. 

The second LIS component is known as the 
GIS. This system deals primarily with loca­
tional data and is based on ARC/INFO run­
ning on a PRIME 6450 in the Office of Map­
ping. Major layers or coverages in the GIS 
include soils, parcels, floodplains, wetlands, 
zoning, and landuse.9o The functions and sig­
nificance of the GIS have been outlined as 
follows: 

The GIS provides the geographical or locational 
aspect to the LIS, enabling users to retrieve data 
for specific parcels of land. In addition to sup­
porting the LIS, the GIS provides flexibility in 
mapping, enabling numerous types of geo­
graphic data to be mapped at any scale quickly 
and efficiently. The GIS also provides for more 
accurate geographic data maintenance and up­
date. Our GIS uses automated processes to inte­
grate, analyze, and display geographic data which 
are stored in the ARC/INFO format. ... The 
GIS is also a tool for efficiently storing, maintain­
ing, and accessing land information. Through 
graphic presentation and data analysis, it can be 
used to make better-informed decisions on land 
use issues facing the County. The impact of GIS 
can be significant, considering that 85% of the 
issues addressed by the Board of County Super­
visors are land-relatedYl 

The model that emerges from the PWC LIS, as 
well as the systems in Wyandotte and Franklin 
County, is one in which the acquisition and 
maintenance of graphic (map) data are con­
centrated in one office and the attribute data 
maintained by the various offices who make 
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use of these data. The graphic (planimetric, 
topographic, and cadastral) database provides 
a common spatial platform that facilitates the 
sharing and exchange of attribute data be­
tween various local agencies. 

35-7. SUMMARY 

In this chapter, LIS/GIS have been discussed 
by examining the historical roots of LIS in the 
early fiscal and juridical cadastres and tracing 
their evolution into the multipurpose cadastre 
and ultimately LIS/GIS networks. The geode­
tic reference framework and cadastral overlay 
were identified as components that are funda­
mental to an LIS and most relevant to survey­
ors. Since surveyors are integrally involved with 
these two components, these activities should 
be used as a springboard into the boarder 
LIS/GIS environment. The section on land 
registration systems focused on rudimentary 
and improved registration of deeds systems, as 
well as the Torrens registration of title system. 
Until relatively recently, the Torrens system 
has been seen by many as the best alternative 
to the deeds recordation systems commonly 
found in the United States and Canada. Given 
the failure of the Torrens-type systems in the 
United States and the fact that similar benefits 
can be derived from an improved registration 
of deeds system, much more attention is now 
being paid to the incremental improvement of 
existing deeds systems. The section on GIS 
emphasized the mechanisms for integrating 
different data elements within a digital envi­
ronment. Raster- and vector-based GIS were 
described briefly and several GIS application 
areas listed together with relevant references. 
Finally, three case studies were examined in 
order to understand some of the LIS/GIS 
implementation issues and problems. 

The design, implementation, and mainte­
nance of land and geographic systems 
(LIS/GIS) represent opportunities for the sur­
veying profession. In a society where informa­
tion is becoming a primary resource and the 
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importance of reliable, consistent spatial data 
in decision making is increasingly being real­
ized, greater involvement in LIS/GIS is essen­
tial for surveyors. Land rights are increasingly 
being defined and influenced by wetlands, 
floodplains, and other polygons that do not 
coincide with property parcels. If surveyors are 
to retain their expertise in the spatial defini­
tion of land rights, then a broader vision of 
these rights must be adopted. This can be 
achieved by becoming actively involved in the 
area of LIS/GIS and providing leadership on 
issues relating to the geodetic reference 
framework and cadastral overlay. 
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Appendix 1: State Boards of 

Registration for Land Surveying 

Each state licenses land surveyors. Boards are 
established to test prospective land surveyors 
and ensure compliance with state laws applica- Colorado 
ble to land surveying. Rosters of licensees are 
also usually maintained. There is no national 
licensing of land surveyors. A list of boards for 
each state follows. 

Alabama 

Alaska 

Arkansas 

Arizona 

California 

State Board of Registration for 
Professional Engineers and Land 
Surveyors 
301 Interstate Park Dr. 
Montgomery, AL 36109 

State Board of Registration for 
Architects, Engineers and Land 
Surveyors 
P.O.Box 110806 
Juneau, AK 99811 

State Board of Registration for 
Professional Engineers and Land 
Surveyors 
Twin City Bank Bldg., #660 
North Little Rock, AR 72114 

State Board of Technical 
Registration 
1951 W. Camelback 
Phoenix, AZ 85015 

The Board of Registration for 
Professional Engineers and Land 
Surveyors 

Connecticut 

Delaware 

District of 

Columbia 

Florida 

Geurgia 

2355 Capitol Oaks Dr., Suite 300 
Sacramento, CA 95831 

State Board of Registration 
for Professional Engineers and 
Professional Land Surveyors 
1560 Broadway, #1370 
Denver, CO 80202 

State Board of Registration for 
Professional Engineers and Land 
Surveyors 
State Office Building, 
Room G-3A165 Capitol Ave. 
Hartford, CT 06106 

Delaware Association of 
Professional Engineers 
2005 Concord Pike 
Wilmington, DE 19803 

Board of Registration for 

Professional Engineers 
614 H St. N.W., Room 910 
Washington DC, 20001 

Board of Professional Engineers 
130 N. Monroe St. 
Tallahassee, FL 32301 

State Board of Registration for 
Professional Engineers and Land 
Surveyors 
166 Pryor St. S.W. 
Atlanta, GA 30303 
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Guam Territorial Board of Registration Maine State Board of Registration for 
for Professional Engineers, Professional Engineers 
Architects, and Land Surveyors State House Station #92 
Department of Public Works Augusta, ME 04333 
Government of Guam Maryland State Board of Registration for 
P.O. Box 2950 
Agana, GU 96910 

Professional Engineers 
501 St. Paul Place, Suite 902 

Hawaii State Board of Registration Baltimore, MD 21202 

for Professional Engineers, Massachusetts State Board of Registration for 
Architects, Land Surveyors, Professional Engineers and Land 
and Landscape Architects Surveyors 
1010 Richards St. Leverett Saltonstall Building 
Honolulu, HI 96801 100 Cambridge St., Room -1512 

Idaho Board of Professional Engineers Boston, MA 02202 

and Land Surveyors Michigan State Board of Registration for 
600 S. Orchard, #A Professional Engineers and Land 
Boise, ID 83705 Surveyors 

Rlinois Department of Registration and P.O. Box 30245 

Education Lansing, MI 48909 

Professional Engineer's Minnesota State Board of Registration 
Examining Committee 133 7th St. E. 
320 W. Washington, 3rd Floor St. Paul, MN 55101 
Springfield, IL 62786 

Mississippi State Board of Registration for 
Indiana State Board of Registration for Professional Engineers and Land 

Professional Engineers and Land Surveyors 
Surveyors 239 N. Lamour, Suite 501 
1021 State Office Bldg. Jackson, MS 39205 
100 N. Senate Ave. 

Missouri Indianapolis, IN 46024 Board of Architects, Professional 
Engineers and Land Surveyors 

Iowa State Board of Engineering P.O. Box 184, 3523 N. 
Examiners Ten Mile Dr. 
1918 S.E. Hilsizer Jefferson City, MO 65102 
Ankeny, IA 50021 

Montana State Board of Professional 
Kansas State Board of Technical Engineers and Land Surveyors 

Professions P.O. Box 200315, III N. Jackson 
900 Jackson, Room 507 Helena, MT 59620-0513 
Topeka, KS 66612 

Nebraska State Board of Examiners for 
Kentucky State Board of Registration for Professional Engineers and 

Professional Engineers and Land Architects 
Surveyors P.O. Box 94751, 301 Centennial 
160 Democrat Dr. Mall, S. 
Frankfort, KY 40601 Lincoln, NE 68509 

Lousiana State Board of Registration for Nevada State Board of Registered 
Professional Engineers and Land Professional Engineers and 
Surveyors Land Surveyors 
1055 St. Charles Ave., Suite 415 1755 E. Plum Lane, Suite 102 
New Orleans, LA 70130 Reno, NV 89502 
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New Hampshire State Board of Professional Pennsylvania State Registration Board for 
Engineers Professional Engineers 
67 Regional Dr. Transportation & Safety 
Concord, NH 03301 Building 

NewJersey State Board of Professional P.O. Box 2649 

Engineers and Land Surveyors Commonwealth Ave. & Forester 

124 Halsey St. St., 6th Floor 

Newark, NJ 07102 Harrisburg, PA 17105-2649 

New Mexico State Board of Registration for Rhode Island State Board of Registration for 

Professional Engineers and Land Professional Engineers and Land 

Surveyors Surveyors 

1040 Marquey Place 10 Orms St., Suite 324 

Santa Fe, NM 87501 Providence, RI 02904 

New York State Board for Engineering and South State Board of Registration for 

Land Surveying Carolina Professional Engineers and 

The State Education Land Surveyors 

Department P.O. Box 50408, 2221 Devine St., 

Cultural Education Center Suite 404 

Madison Ave. Columbia, SC 29250 

Albany, NY 12230 South Dakota State Commission of Engineering 

Nurth Carolina Board of Registration for and Architectural Examiners 

Professional Engineers and 2040 W. Main St., Suite 304 

Land Surveyors Rapid City, SD 55702-2497 

3620 Six Forks Rd., Suite 300 Tennessee State Board of Architectural and 
Raleigh, NC 27609 Engineering Examiners 

Nurth Dakota State Board of Registration for Volunteer Plaza 

Professional Engineers and 500 James Robertson Pkwy., 
Surveyors 3rd Floor 

P.O. Box 5503 Nashville, TN 37243-1142 
Bismarck, ND 58502 Texas Board of Land Surveying 

Nurthern Board of Professional Licensing 7701 N. Lamar, Suite 400 
Mariana P.O. Box 55 CHRB Austin, TX 78752 
Islands Siapan, MP 96950 Utah Representative Committee for 
Ohio State Board of Registration for Professional Engineers and Land 

Professional Engineers and Surveyors 
Smveyors Division of Registration 
77 S. High, 16th Floor 8282 S. State, Unit 14 
Columbus, OH 43266-0314 Midville, UT 84047 

Oklahoma State Board of Registration for Vennont State Board of Registration for 
Professional Engineers and Land Professional Engineers 
Surveyors Division of Licensing & 
Oklahoma Engineering Center Registration 
201 N.E. 27th St., Room 120 109 State St. 
Oklahoma City, OK 73105 Montpelier, VT 05609-1106 

Oregon State Board of Engineering Virginia State Board of Architects, 
Examiners Professional Engineers, Land 
Department of Commerce Surveyors and Certified 
750 Front St. N.E., Suite 240 Landscape Architects 
Salem, OR 97310 Seaboard Building 
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Virgin Islands 

Washington 

West Virginia 

3600 W. Broad St., 5th Floor 
Richmond, VA 23230-4917 

Board of Architects, Professional 
Engineers and Land Surveyors 
P.O. Box 476 
St. Thomas, VI 00801 

State Board of Registration for 
Professional Engineers and Land 
Surveyors 
P.O. Box 9649, 2424 Bristol Ct. 
Olympia, WA 98502 

State Board of Registration for 
Professional Engineers 

Wtsconsin 

Wyoming 

608 Union Building 
Charleston, WV 25301 

State Examining Board of 
Architects, Professional 
Engineers, Designers and 
Land Surveyors 
P.O. Box 8935 
1400 E. Washington Ave. 
Madison, WI 53708 

State Board of Examining 
Engineers 
Hershel Building 
122 W. 25th St., 4th Floor E. 
Cheyenne, WY 82002 



Appendix 2: Major Federal 

Surveying and Mapping Agencies 

Some of the major federal agencies with ex­
tensive surveying and mapping programs are 
as follows. 

NATIONAL GEODETIC SURVEY 

NGS was the first civilian scientific agency, 
established as the Survey of the Coast by 
Thomas Jefferson in 1807. Its mission soon 
included surveys of the interior as the nation 
grew. From 1878 until 1970, the agency was 
known as the U.S. Coast and Geodetic Survey. 
Many references in the Handbook refer to this 
latter agency, often as USC and GS. The agency 
has always occupied a prominent place in sci­
entific surveying in the United States and the 
world. Currently, it is the geodetic component 
of the U.S. Department of Commerce. The 
National Geodetic Survey (NGS) coordinates 
activities of the Federal Geodetic Control 
Committee, which develops standards and 
specifications for conducting federal geodetic 
surveys. It also assists state and regional agen­
cies through cooperative programs. 

Many NGS products are available on paper, 
magnetic tape, and floppy disks. To obtain 
more information on any of the products, 
programs, and services listed, contact: 

National Geodetic Information Branch 
1315 East-West Highway 
Silver Spring, MD 20910-3282 

U.S. GEOLOGICAL SURVEY 

The U.S. Geological Survey was founded by 
Congress in 1879 to consolidate four earlier 
organizations that had been engaged in topo­
graphic and geologic mapping. A general plan 
was adopted in 1882 for the production of a 
series of topographic maps; each map covers 
an area bounded by meridians of longitude 
and parallels of latitude and is called a quad­
rangle map. 

The plan of 1882 has been expanded and 
modified over the years to meet the needs of a 
growing nation and to satisfY numerous civil 
and military needs not contemplated in the 
1879 Act. A principal objective of the Geologi-
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cal SUIVey's National Mapping Program is to 
provide multipurpose maps and related data 
of appropriate scale, content, and accuracy to 
satisfy modern requirements. A major element 
of this program is the series of topographic 
maps produced by the Geological SUIVey. 

For information on all services, and for 
locations of the various offices of the agency, 
contact: 

U.S. Geological Survey 
582 National Center 
Reston, VA 22092 

EARTH SCIENCE INFORMATION 
OFFICE 

The Earth Science Information Office, in the 
U.S. Geological SUIVey, informs the public of 
sources of maps, aerial photography, digital 
products, atlases, geographic data, and other 
cartographic or earth science products. 

The office also maintains the Cartographic 
Catalog System to answer public inquiries re­
garding these sources. The cartographic cata­
log is a bibliographic database currently being 
converted to a CD-ROM format. 

Earth Science Information Center 
509 National Ctr. 
Reston, VA 22092 

BUREAU OF LAND MANAGEMENT, 
CADASTRAL SURVEY 

The public-lands sUIVeys and resuIVeys are car­
ried out by this agency (otherwise referred to 
as the BLM). Substantial information about 
this program and its history is presented in the 
Handbook s chapter on public lands. Following 

is a list of the offices that provide information 
about current and past public-land sUIVeys: 

Cadastral Survey 
222 W. 7th Ave., No. 13 
Anchorage, AK 99513-7599 

Branch of Cadastral Survey 
P.O. Box 16563, 3707 N. 7th St. 
Phoenix, AZ 85011 

Branch of Cadastral Survey 
Federal Building 
2800 Cottage Way, Room E-2841 
Sacramento, CA 95825-1889 

Branch of Cadastral Survey 
2850 Youngfield St. 
Lakewood, CO 80215 

Branch of Cadastral Survey Development 
P.O. Box 25047 
Denver, CO 80225 

Division of Cadastral Survey 
1849 CSt., N.W., MS L-302 
Washington, DC 20240 

Branch of Cadastral Survey 
3380 Americana Terrace 
Boise, ID 83706 

Branch of Cadastral Survey 
Granite Tower 
222 N. 32nd St. 
P.O. Box 36800, 
Billings, MT 59107 

Branch of Cadastral Survey 
P.O. Box 12000, 850 Harvard Way, 
Reno, NY 89520 

Branch of Cadastral Survey 
P.O. Box 27115, 1474 Rodeo Rd., 
Santa Fe, NM 87511-7115 

Branch .of Cadastral Survey 
P.O. Box 2965, 825 N.E. Multnomah St. 
Portland, OR 97208 

Branch of Cadastral Survey 
Coordinated Financial Center 
324 S. State St., Suite 301 
Salt Lake City, UT 84111-2303 

Cadastral Survey 
350 S. Pickett St. 
Alexandria, VA 22304 

Branch of Cadastral Survey 
P.O. Box 1828, 2515 Warren Ave. 
Cheyenne, WY 82003 



Other federal agencies include: 

Defense Mapping Agency 
Hydrographic-Topographic Info. 
6500 Brookes Lane 
Washington, DC 20315 

Defense Mapping Agency 
Aerospace Center 
2nd and Arsenal St. 
St. Louis, MO 63118 
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Federal Highways Administration 
Aerial SUlVeys Branch 
400 7th St. SW 
Washington, DC 20590 

U.S. Forest SeIVice 
Division of Engineering 
Independence Ave., 12th & 14th St. SW 
Washington, DC 20250 



Appendix 3: Sources of 

Information About SUNeying 

The first source to contact for information 
about surveying is: 

American Congress of Surveying and Mapping 
(ACSM) 
5410 Grosvenor Lane 100 
Bathesda, MD 20814 
Telephone: 301-493-0200 
Fax: 301-493-8245. 

ACSM is the national membership organiza­
tion for all branches of surveying. It can pro­
vide information about survey education, ad­
dresses of state membership organizations, 
their own local affiliates, and survey organiza­
tions worldwide. A number of publications are 
available from them, as well as a journal and 
bulletins. 

930 

There are two magazines sent free to sur­
veyors. They contain both topical articles and 
useful information. They are: 

Professional Surveyor Magazine 
2300 Ninth St., Suite 501 
Arlington, VA 22204-2456 

P.D.B. Magazine 
5820 Lilley Rd., #5 
Canton, MI 48187 

The American Society of Civil Engineering 
has a Surveying and Mapping Division and a 
publication program. Information can be ob­
tained by contacting the Society at: 

345 East 47th St. 
New York, NY 10017 



Appendix 4: Standards and 

Specifications for Geodetic Control 

Networl{s 

The document on the following pages was in a number of chapters in this text, it is 
prepared by the Federal Geodetic Control reproduced in its entirety to provide the con­
Committee in September 1984, and reprinted text and continuity that can only be obtained 
in 1993. Although parts of it are used or cited from a complete document. 
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1. Introduction 

The Government of the United States makes nation­
wide surveys, maps, and charts of various kinds. These are 
necessary to support the conduct of public business at all 
levels of government, for planning and carrying out national 
and local projects, the development and utilization of 
natural resources, national defense, land management, 
and monitoring crustal motion. Requirements for geo­
detic control surveys are most critical where intense devel­
opment is taking place, particularly offshore areas, where 
surveys are used in the exploration and development of 
natural resources, and in delineation of state and interna­
tional boundaries. 

State and local governments and industry regularly 
cooperate in various parts of the total surveying and 
mapping program. In surveying and mapping large areas, 
it is fIrSt necessary to establish frameworks of horizontal, 
vertical, and gravity control. These provide a common 
basis for all surveying and mapping operations to ensure a 
coherent product. A reference system, or datum, is the set 
of numerical quantities that serves as a common basis. 
Three National Geodetic Control Networks have been 
created by the Government to provide the datums. It is 
the responsibility of the National Geodetic Survey (NGS) to 
actively maintain the National Geodetic Control Net­
works (appendix A). 

These control networks consist of stable, identifiable 
points tied together by extremely accurate observations. 
From these observations, datum values (coordinates or 
gravity) are computed and published. These datum values 
provide the common basis that is so important to survey­
ing and mapping activities. 

As stated, the United States maintains three control 
networks. A horizontal network provides geodetic lati­
tudes and longitudes in the North American Datum ref­
erence system; a vertical network furnishes elevations in 
the National Geodetic Vertical Datum reference system; 
and a gravity network supplies gravity values in the U.S. 
absolute gravity reference system. A given station may be 
a control point in one, two, or all three control networks. 

It is not feasible for all points in the control networks to 
be of the highest possible accuracy. Different levels of 
accuracy are referred to as the "order" of a point. Orders 
are often subdivided further by a "class" designation. 
Datum values for a station are assigned an order (and 
class) based upon the appropriate classification standard 
for each of the three control networks. Horizontal and 

vertical standards are defmed in reasonable conformance 
with past practice. The recent development of highly 
accurate absolute gravity instrumentation now allows a 
gravity reference standard. In the section on "Standards," 
the classification standards for each of the control net­
works are described, sample computations performed, 
and monumentation requirements given. 

Control networks can be produced only by making very 
accurate measurements which are referred to identifiable 
control points. The combination of survey design, instru­
mentation, calibration procedures, observational techniques, 
and data reduction methods is known as a measurement 
system. The section on "Specifications" describes impor­
tant components and states permissible tolerances for a 
variety of measurement systems. 

Clearly, the control networks would be of little use if 
the datum values were not published. The section entitled 
"Information" describes the various products and for­
mats of available geodetic data. 

Upon request, the National Geodetic Survey will accept 
data submitted in the correct formats with the proper 
supporting documentation (appendix C) for incorpora­
tion into the national networks. When a mrvey is submit­
ted for inclusion into the national networks, the survey 
measurements are processed in a quality control proce­
dure that leads to their classification of accuracy and 
storage in the National Geodetic Survey data base. To 
fully explain the process we shall trace a Survey from the 
planning stage to ad.mi\\ion into the data base. This example 
will provide an overview of the standards and specifica­
tions, and how they work together. 

The user should first compare the distribution and 
accuracy of current geodetic control with both' immediate 
and long-term needs. From this basis, requirements for 
the extent and accuracy of the planned survey are deter­
mined. The classification standards of the control net­
works will help in this formulation. Hereafter, the require­
ments for the accuracy of the planned survey will be 
referred to as the "intended accuracy" of the survey. A 
measurement system is then chosen, based on various 
factors such as: distribution and accuracy of present c0n­

trol; region of the CIOUIltry; extent, distribution, and accu­
racy of the desired control; terrain and accessibility of 
control; and economic factors. 

Upon selection of the measurement system, a survey 
design can be started. The design will be strongly depen-



dent upon the "Network Geometry" specifications for 
that measurement system. Of particular importance is the 
requirement to connect to previously established control 
points. If this is not done, then the survey cannot be placed 
on the national datum. An adequate number of existing 
control point connections are often required in the speci­
fications in order to ensure strong network geometry for 
other use~ of the control, and to provide several clalure 
checks to help measure accuracy. NGS can certify the 
results of a survey only if it is connected to the national 
network. 

Situations will arise where one cannot, or prefe~ not to, 
conform to the specifications. NGS may downgrade the 
classification of a survey based upon failure to adhere to 
the measurement system specifications if the departure 
degrades the precision, accuracy, or utility of the survey. 
On the other hand, if specification requirements for the 
desired level of accuracy are exceeded, it may be pa;sible 
to upgrade a survey to a higher classification. 

Depending upon circumstances, one may wish to go 
into the field to recover old control and perform recon­
naissance and site inspection for the new survey. Monu­
mentation may be performed at this stage. Instruments 
should be checked to conform to the "Instrumentation" 
specifications, and to meet the "Calibration Procedures" 
specifications. Frequent calibration is an excellent method to 
help ensure accurate surveys. 

In the field, the "Field Procedures" specifications are 
used to guide the methods for taking survey measure­
ments. It must be stressed that the "Field Procedures" 
section is not an exhaustive account of how to perform 
observations. Reference should be made also to the appropri­
ate manuals of observation methods and instruments. 

Computational checks can be found in the "Field Pr0-
cedures" as well as in the "Office Procedures" specifica­
tions, since one will probably want to perform some of the 
computations in the field to detect blunders. It is not 
necessary for the user to do the computations described in 
the "OffICe Procedures" specifications, since they will be 
done by NGS. However, it is certainly in the interest of 
the user to compute these checks before leaving the field, 
in case reobservations are necessary. With the tremen­
dous increase in programmable calculator and small c0m­

puter technology, any of the computations in the "Office 
Procedures" specifications could be done with case in the 
field. 

At this point the survey measurements have been col­
lected, together with the new description and recovery 
notes of the stations in the new survey. They are then 
placed into the formats specified in the Federal Geodetic 
Control Committcc (FGCC) publications Input Formats 
and Specifications of the Nati01llJ/ Geodetic Survey Data 
Base. Further details of this process can be found in 
appendix C, "Procedures for Submitting Data to the 
National Geodetic Survey." 

The data and supporting documentation, after being 
received at NGS, are processed through a quality control 
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procedure to make sure that all use~ may place confi­
dence in the new survey points. FIJ'St, the data and docu­
mentation are examined for compliance with the mea­
surement system specifications for the intended accuracy 
of the new survey. Then ofTICC amputations are performed, 
including a minimally constrained least squares adjust­
ment. (Sec appendix B for details.) From this adjustment. 
accuracy measures can be computed by error propaga­
tion. The accuracy classification thus computed is called 
the "provisional accuracy" of tbe survey. 

The provisional accuracy is compared to the intended 
accuracy. The difference indicates the departure of the 
accuracy of the survey from the specifications. If tbe 
difference is small, the intended accuracy has preccdcnce 
because a pa;sible shift in classification is not warranted. 
However, if the difference is substantial, the provisional 
accuracy will supersede the intended accuracy, either as a 
downgrade or an upgrade. 

As the fmal step in the quality control procedure, the 
variance factor ratio computation using established con­
trol, as explained in the section on "Standards," is deter­
mined for the new survey. If this result meets the criteria 
stated there, then the survey is classified in accordance 
with the provisional accuracy (or intended accuracy, which­
ever has precedence). 

Cases arise where the variance factor ratio is signifi­
cantly larger than expected. Then the control network is 
at fault, or the new survey is subject to some unmodeled 
error source which degrades its accuracy. Both the estab­
lished control measurements and the new survey mea­
surements will be scrutinized by NGS to determine the 
source of the problem. In difTJCult cases, NGS may make 
diagDaitic measurements in the field. 

Upon completion of the quality control check. the sur­
vey measurements and datum values are placed into the 
data base. They become immediately available for elec­
tronic retrieval, and will be distributed in the next publi­
cation cycle by the National Geodetic Infcxmation Branch of 
NGS. 

A fmal remark bca~ on the relationship between the 
classification standards and measurement system speci­
fICations. SpecifICations are combinations of rulcs cI thumb 
and studies of error propagation, based upon expericncc, 
of how to best achieve a desired level of quality. Unfortu­
nately, there is no guarantee that a particular standard 
will be met if the associated specifications are followed. 
However, the situation is ameliorated by a safety factor of 
two incorporated in the standards and specifications. 
Because of this safety factor, it is possible that one may 
fail to mcct the specifications and still satisfy the desired 
standard. This is wby the geodetic control is not automat­
ically downgraded when one docs not adhere to the speci­
fications. Slight departures from the specifications can be 
accommodated. In practice, one should always strive to 
meet the measurc:mcnt S)'Stcm speciflQltions when extending 
a National Geodetic Control Network. 
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2. Standards 

The classification standards of the National Geodetic 
O:Introl Networks are based on accuracy. This means that 
when control points in a particular survey are classified, 
they are certified as having datum values consistent with 
all other points in the network, not merely those within 
that particular survey. It is not observation clalures within a 
survey which are used to classify control points, but the 
ability of that survey to duplicate already established 
control values. This comparison takes into account mod­
els of crustal motion, refraction, and any other systematic 
effects known to influence the survey measurements. 

The NGS procedure leading to classification covers 
four steps: 

I. The survey measurements, field records, sketches, 
and other documentation are examined to verify 
compliance with the specifications for the intended 
accuracy of the survey. This examination may lead 
to a modification of the intended accuracy. 

2. Results of a minimally constrained least squares 
adjustment of the survey measurements are exam­
ined to ensure correct weighting of the observations 
and freedom from blunders. 

3. Accuracy measures computed by random error propa­
gation determine the provisional accuracy. If the 
provisional accuracy is substantially different from 
the intended accuracy of the survey, then the provi­
sional accuracy supersedes the intended accuracy. 

4. A variance factor ratio for the new survey combined 
with network data is computed by the Iterated AlJna§t 
Unbiased Estimator (lAUE) method (appendix B). 
If the variance factor ratio is reasonably close to 1.0 
(typically less than 1.5), then the survey is consid­
ered to check with the network, and the survey is 
classified with the provisional (or intended) accura­
cy. If the variance factor ratio is much greater than 
1.0 (typically 1.5 or greater), then the survey is con­
sidered to not check with the network, and both the 
survey and network measurements will be scruti­
nized for the source of the problem. 

2.1 Horizontal Control Network Standards 

When a horizontal control point is classified with a 
particular order and class, NGS certifies that the geo­
detic latitude and longitude of that control point bear a 

relation of specific accuracy to the coordinates of all other 
points in the horizontal control network. This relation is 
expressed as a distance accuracy, l:a. A distance accu­
racy is the ratio of the relative positional error of a pair of 
control points to the horizontal separation of those points. 

Table 1.1-Distance accuracy standards 

Classification 

First-order ................................................... . 
Second-order. class I ................................... . 
Second-order. class II .................................. . 
Thini-order. class I ..................................... . 
ThinI-onier. class II .................................... . 

Minimum 
dis/tIIIC~ lICCIIracy 

1:100.000 
I: 50,000 
I: 20.000 
I: 10.000 
I: S,OOO 

A distance accuracy, 1 :a, is computed from a mini­
mally constrained, correctly weighted, least squares adjust­
ment by: 

a = dis 

where 
a-distance accuracy denominator 
s-propagated standard deviation of distance between 

survey points obtained from the least squares adjust­
ment 

d -distance between survey points 

The distance accuracy pertains to all pairs of points 
(but in practice is computed for a sampling of pairs of 
points). The wom distance acauacy (smallest denominator) 
is taken as the provisional accuracy. If this is substan­
tially larger or smaller than the intended accuracy, then 
the provisional accuracy takes precedence. 

As a test for systematic errors, the variance factor ratio 
of the new survey is computed by the Iterated Almost 
Unbiased Estimator (lAUE) method described in appen­
dix B. This computation combines the new survey mea­
surements with existing network data, which are assumed 
to be correctly weighted and free of systematic error. If 
the variance factor ratio is substantially greater than 
unity then the survey does not check with the network, 
and both the survey and the network data will be exam­
ined byNGS. 



Computer simulatiOlU performed by NOS have shown 
that a variance factor ratio greater than 1.5 typically 
indicates systematic errors between the survey and the 
network. Setting a cutoff value higher than this could 
anow undetected systematic error to propagate into the 
national network. On the other hand, a higher cutoff value 
might be considered if the survey has only a smaD number 
of connections to the. network, because this circumstance 
would tend to increase the variance factor ratio. 

In some situations, a survey has been designed in which 
different sectiOIU provide different orders of control. For 
these multi-order surveys, the computed distance accu· 
racy denominators should be grouped into sets appropri· 
ate to the different parts of the survey. Then, the smallest 
value of a in each set is used to classify the control points 
of that portion, as discussed above. If there arc sufficient 
connections to the network, scvcraI variance factor ratios, 
one for each section of the survey, should be computed. 

Horizontal Example 
Suppose a survey with an intended accuracy of first· 

order (1:100,000) has been performed. A series of propa. 
gated distance accuracies from a minimally constrained 
adjustment is now computed. 

s d l:a 
lJne (m) (m) 

1-2....................... 0.141 17,107 1:121,326 
1-3....................... 0.170 20,123 1:118,371 
2-3 ....................... 0.164 1S,50S 1: 94,543 

Suppose that the worst distance accuracy is 1 :94,543. 
This is not substantiaUy different from the intended accuracy 
of 1:100,000, which would therefore have prcccdcnce for 
classification. It is not feuible to precisely quantify 
"substantially different." Judgment and experience are 
determining factors. 

Now assume that a solution combining survey and 
network data has been obtained (as per appendix B), and 
that a variance factor ratio of 1.2 was computed for the 
survey. This wooId be reasonably close to unity, and would 
indicate that the survey checks with the network. The 
survey would then be classified as fmt-order using the 
intended accuracy of 1:100,000. 

However, if a variance factor of, say, 1.9 was computed, 
the survey would not check with the network. Both the 
survey and network measurements then would have to be 
scrutinized to fmd the problem. 

M __ tatioa 

Control points should be part of the National Geodetic 
Horizontal Network only if they possess permanence, 
horizontal stability with respect to the Earth's crust, and a 
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horizontal location which can be defmed as a point. A 3(). 
centimeter-long wooden stake driven into the ground, for 
example, would lack both permanence and horizontal 
stability. A mountain peak is difficult to dame as a point. 
Typically, corrosion resistant metal disks set in a large 
concrete mass have the necessary qualities. Firsto()rder 
and second-order, class I, control points should have an 
underground mark, at least two monumented reference 
marks at right angles to one another, and at least one 
monumented azimuth mark 110 less than 400 m from the 
control point. Replacement of a temporary mark by a 
more permanent mark is not acceptable unless the two 
marks arc connected in timely fashion by survey observations 
of suffICient accuracy. Dctai1cd information may be found in 
C&tOS Special Publication 247, "Manual of geodetic 
triangulation." 

1.2 Vertica! Control Network Standards 

When a vertical contro1 point is classified with a particular 
CIder and class, NOS certific:s that the orthomctric elMtion 
at that point bears a relation of specific accuracy to the 
elevations of all other points in the vertical control net· 
work. That relation is expressed as an elevation diffcrcncc 
accuracy, b. An elevation difference accuracy is the rela· 
tive elevation error between a pair of control points that is 
scaled by the square root of their horizontal separation 
traced along existing level routes. 

Fnt-onter, c:Iua I ....................................... . 
Fnt-order, c:Iua II ..................................... .. 
Sec:oncI-order, cIua I ................................... . 
Second-GnIer, cIua II .................................. . 
'I'binknIcr ................................................ .. 

Mtaimlllft ,1M/ion 
di/Jlnlltl tICCfUtICy 

O.S 
0.7 
1.0 
1.3 
10 

An elevation difference accuracy, b, is computed from 
a minimally constrained, correctly weighted, least squares 
adjustment by 

b - S/Vd 

where 
d-approximate horizontal distance in kilometers between 

control point positions traced a10ng existing 1evel routes. 
S-propagated standard deviation of elevation difference 

in millimcte!'S between survey control points obtained 
from the least squares adjustment. Note that the units 
of b arc (mm)! V (kID). 

The elevation difference accuracy pertains to all pairs 
of points (but in practice is computed for.a sample). The 
worst elevation diffcrcncc accuracy (largest value) is taken 
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as the provisional accuracy. If this is substantially larger 
or smaller than the intended accuracy, then the provi· 
sional accuracy takes precedence. 

As a test for systematic errors, the variance factor ratio 
of the new survey is computed by the Iterated Almost 
Unbiased Estimator (lAUE) method described in appen­
dix B. This computation combines the new survey mea· 
surements with existing network data, which are assumed 
to be correctly weighted and free of systematic error. If 
the variance factor ratio is substantially greater than 
unity, then the survey does not check with the network, 
and both the survey and the network data will be exam­
ined by NGS. 

Computer simulations performed by NGS have shown 
that a variance factor ratio greater than 1.5 typically 
indicates systematic errors between the survey and the 
network. Setting a cutoff value higher than this could 
allow undetected systematic error to propagate into the 
national network. On the other hand, a higher cutoff value 
might be considered if the survey has only a small number 
of connections to the network, because this circumstance 
would tend to increase the variance factor ratio. 

. In some situations, a survey has been designed in which 
different sections provide different orders of control. For 
these multi«der surveys, the computed elevation difference 
accuracies should be grouped into sets appropriate to the 
different parts of the survey. Then, the largest value of b 
in each set is used to classify the control points of that 
portion, as discussed above. If there are sufficient connec­
tions to the network, several variance factor ratios, one for 
each section of the survey, should be computed. 

Vertical Example 
Suppose a survey with an intended accuracy of second· 

order, class II bas been performed. A series of propagated 
elevation difference accuracies from a minimally con· 
strained adjustment is now computed. 

1·2 ..................... .. 
1·3 ..................... .. 
2·3 ..................... .. 

S 
(mm) 

1.574 
1.743 
2.647 

d 
(km) 

1.718 
2.321 
4.039 

" (mm)!V(km) 

1.20 
1.14 
1.32 

Suppose that the worst elevation difference accuracy is 
1.32. This is not substantially different from the intended 
accuracy of 1.3 which would therefore have precedence 
for classification. It is not feasible to precisely quantify 
"substantially different." Judgment and experience are 
determining factors. 

Now assume that a solution combining survey and 
network data has been obtained (as per appendix B), and 

that a variance factor ratio of 1.2 was computed for the 
survey. This would be reasonably close to unity and would 
indicate that the survey checks with the network. The 
survey would then be classified as second-order, class II, 
using the intended accuracy of 1.3. 

However, if a survey variance factor ratio of, say, 1.9 
was computed, the survey would not check with the net· 
work. Both the survey and network measurements then 
would have to be scrutinized to rlDd the problem. 

MOIlUIIIeIltatiOll 
Control points should be part of the National Geodetic 

Vertical Network only if they possess permanence, verti· 
cal stability with respect to the Earth's crust, and a verti· 
cal location that can be derIDed as a point. A JO.centimc­
ter-1ong wooden stake driven into the ground, for CJWIlple, 
would lack both permanence and vertical stability. A 
rooftop lacks stability and is difficult to derme as a point. 
Typically, corrosion resistant metal disks set in large rock 
outcrops or long metal rods driven deep into the ground 
have the necessary qualities. Replacement of a temporary 
mark by a more permanent mark is not acceptable unless 
the two marks are connected in timely fashion by survey 
observations of sufficient accuracy. Detailed information 
may be found in NOAA ManUQ/ NOS NGS I, "Geodetic 
bench marks." 

2.3 Gravity Control Network Standards 

When a gravity control point is clafted with a particular 
order and class, NGS certifies that the gravity value at 
that control point possesKS a specific accuracy. 

Gravity is commonly expressed in units of milligals 
(mGal) or microgaJs ijtGaI) equal, respectively, to (to") 
meters/sec', and (10"4) meters/sec'. Classification order 
refers to measurement accuracies and class to site stabili· 
ty. 

CltUsijiCtl/iOil 

r.nt-«lier, class I ........................................ 20 (Iubject tp stability 
wrification) 

Flllt-«lier, cJus "....................................... 20 
Sccond-onlcr ................................................ so 
1binI-onIcr .................................................. 100 

When a survey establishes only new points, and where 
only absolute measurements are observed, then each sur· 
vey point is classified independently. The standard devia· 
tion from the mean of measurements observed at that 
point is corrected by the error budget for noise sources in 
accordance with the following formula: 



where 
c -gravity accuracy 
xi-gravity measurement 
n ... number of measurements 

• x == (I xi)/n 
m 1-1 

e=extemal random error 

The value obtained for c is then compared directly against 
the gravity accuracy standards table. 

When a survey establishes points at which both abso­
lute and relative measurements are made, the absolute 
determination ordinarily takes precedence and the point 
is classified accordingly. (However, see Example D below 
for an exception.) 

When a survey establishes points where only relative 
measurements arc observed, and where the survey is tied 
to the National Geodetic Gravity Network, then the gravity 
accuracy is identified with the propagated gravity stan­
dard deviation from a minimally constrained, correctly 
weighted, least squares adjustment. 

The worst gravity accuracy of al1 the points in the 
survey is taken as the provisional accuracy. If the provi­
sional accuracy exceeds the gravity accuracy limit set for 
the intended survey c\a:;sification, then the survey is clas­
sified using the provisional accuracy. 

As a test for systematic errors, the variance factor ratio 
of the new survey is computed by the Iterated Almost 
Unbiased Estimator (lAUE) method described in appen­
dix B. This computation combines the new survey mea­
surements with existing network data which are assumed 
to be correctly weighted and free of systematic error. If 
the variance factor ratio is substantially greater than 
unity, then the survey does not check with the networlc, 
and both the survey and the network data will be exam­
ined byNGS. 

Computer simulations performed by NGS have shown 
that a variance factor ratio greater than 1.5 typically 
indicates systematic errors between the survey and the 
network. Setting a cutoff value higher than this could 
allow undetected systematic error to propagate into the 
national networJc. On the other hand, a higher cutoff value 
might be considered if the survey has only a minimal 
number of connections to the network. because this cir­
cumstance would tend to increase the variance factor 
ratio. 

In some situations, a survey has been designed in which 
different sections provide different orders of control. For 
these multi-order surveys, the computed gravity accura­
cies should be grouped into sets appropriate to the differ­
ent parts of the survey. Then, the largest value of c in each 
set is used to classify the control points of that portion, as 
discussed above. If there are sufficient connections to the 
networlc, several variance factor ratios. one for each part 
of the survey, should be computed. 
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Granty Examples 
Example A. Suppose a gravity survey using absolute 

measurement techniques has been performed. These points 
are then unrelated. Consider one of these survey points. 

Assume n ... 750 

e == 5~Gal 

C' = 0.169 + (.OO5)l 
750-1 

c = 16~Gal 

The point is then classified as flrSt-order. class II. 
Example B. Suppose a relative gravity survey with an 

intended accuracy of scoond-ordcr (SO ,ruaI) has been per­
formed. A series of propagated gravity accuracies from a 
minima1ly constrained adjustment is now computed. 

Srarion 

I 
2 
3 

Graviry srtmdtud 
dniarion ("Gal) 

38 
44 
55 

Suppose that the worst gravity accuracy was 55 ~Gal. 
This is worse than the intended accuracy of 50 ~Gal. 
Therefore, the provisional accuracy of 55 ~Gal would 
have precedence for classification, which would be set to 
third-order. 

Now assume that a solution combining survey and 
network data has been obtained (as per appendix B) and 
that a variance factor of 1.2 was computed for the survey. 
This would be reasonably close to unity, and would indi­
cate that the survey checks with the networ1c. The survey 
would then be classified as third-order using the provi­
sional accuracy of 55 ~GaI. 

However, if a variance factor of, say, 1.9 was computed, 
the survey would not check with the networJc. Both the 
survey and network measun:ments then would have to be 
scrutinized to fmd the problem. 

Example C. Suppose a survey consisting of both abso­
lute and relative measurements has been made at the 
same points. Assume the absolute observation at one of 
the points yielded a classification of flrSt-order, class II, 
whereas the relative measurements produced a value to 
sccond-order standards. The point in question would be 
classified as fJrSt-order, class II, in accordance with the 
absolute observation. 

Example D. Suppose we have a survey similar to Case 
C, where the absolute measurements at a particular point 
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yielded a third-order classification due to an unusually 
noisy observation session, but the relative measurements 
still satisfied the second-order standard. The point in 
question would be classified as second-order, in accor­
dance with the relative measurements. 

Monumentation 
Control points should be part of the National Geodetic 

Gravity Network only if they possess permanence, hori­
zontal and vertical stability with respect to the Earth's 
crust, and a horizontal and vertical location which can be 
defmed as a point. For aU orders of accuracy, the mark 
should be imbedded in a stable platform such as flat, 
horizontal concrete. For first-order, class I stations, the 
platform should be imbedded in stable, hard rock, and 

checked at least twice for the fust year to ensure stability. 
For fll'St-oroer, class II stations, the platform should be 
located in an extremely stable environment, such as the 
concrete floor of a mature structure. For second and 
third«dcr stations, standard bench mark IDOIlIIIDCJItation is 
adequate. Replacement of a temporary mark by a more 
permanent mark is not acceptable unless the two marks 
are connected in timely fashion by survey observations of 
sufficient acx:uracy. Detailed information is given in NOAA 
Manual NOS NGS I, "Geodetic bench marks." Monu­
ments should not be near sources of electromagnetic 
interference. 

It is recommended, but not necessary, to monument 
third-order stations. However, the location associated 
with the gravity value should be recoverable, based upon 
the station description. 



3. Specifications 

3.1 Introduction 

All measurement systems regardless of their nature 
have certain common qualities. Because of this, the mea­
surement system specifications follow a prescribed struc­
ture as outlined below. These specifications describe the 
important components and state permissible tolerances 
used in a general context of accurate surveying methods. 
The user is cautioned that these specifications arc not 
substitutes for manuals that detail recommended field 
operations and procedures. 

The observations will have spatial or temporal relation­
ships with one another as given in the "Network Geome­
try" section. In addition, this section specifics the fre­
quency of incorporation of old control into the survey. 
Computer simulations could be performed instead of fol­
lowing the "Network Geometry" and "Field Procedures" 
specifications. However, the user should consult the National 
Geodetic Survey before undertaking such a departure 
from the specifications: 

The "Instrumentation" section describes the types and 
characteristics of the iMtruments used to make obscrvam. 
An instrument must be able to attain the precision require­
ments given in "Field Procedures." 

The section "Calibration Procedures" specifICS the nature 
and frequency of instrument calibration. An instrument 
must be calibrated whenever it has been damaged or 
repaired. 

The "Field Procedures" section specifies particular rules 
and limits to be met while following an appropriate method rI 
observation. For a detailed account of how to perform 
observations, the user should consult the appropriate 
manuals. 

Since NGS will perform the computations described 
under "Office Procedures," it is not necessary for the user 
to do them. However, these computations provide valu­
able checks on the survey measurements that could indi­
cate the need for some rcobservations. This section speci­
fics commonly applied corrections to observations, and 
computations which monitor the precision and accuracy 
of the survey. It also discusses the correctly weighted, 
minimally constrained least squares adjustment used to 
ensure that the survey work is free from blunders and able 
to achieve the intended accuracy. Results of the least 
squares adjustment are used in the quality control and 
accuracy classification procedures. The adjustment 
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performed by NGS will use models of error sources, such 
as crustal motion, when they arc judged to be significant 
to the level of tlccuracy of the survey. 

3.2 Triangulation 

Triangulation is a measurement system comprised of 
joined or overlapping triangles of angular observations 
supported by occasional distance and astronomic obser­
vations. Triangulation is used to extend horizontal amtrol. 

Network Geometry 

Order 
Class 

Station specina not leu 
than (Ian) ....................... 

Avaqe minimwn distance 
analet of flJUl'CS not 
1ess than ......................... 

Minimum diIunoe anaIet 
of all fqura not 
leu than ......................... 

Base line spacina not 
more than (trianaleI) ...... 

Astronomic azimuth 
.pecina not -
than (trianaleI) ............... 

First StcOllli StCONl Third Third 
1 11 1 11 

IS 10 S O.S O.S 

400 3So 300 300 250 

300 2So 250 200 200 

S 10 12 IS IS 

8 10 10 12 IS 

t 0iIIInae ......... appIIIiIe !be Iide tImIP wIicb diIIIDce • pqIIIIIed. 

The new survey is required to tie to at least four net­
work control points spaced well apart. These network 
points must have datum values equivalent to or better 
than the intended order (and class) of the new survey. For 
example, in an arc of triangulation, at least two network 
amtrol points should be occupied at each end of the arc. 
Whenever the distance between two new unconnected 
survey points is Jess than 20 percent rI the distance between 
those points traced along existing or new connections, 
then a direct connection should be made between those 
two survey points. In addition, the survey should tie into 
any sufficiently accurate network control points within 
the station .spacing distance of the survey. These network 
stations should be occupied and sufficient observations 
taken to make these stations integral parts of the survey. 
Nonredundant gcocietic connections to the network sta­
tions are not considered sufficient tics. Nonredundantly 
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determined stations arc not allowed. Control stations should 
not be detennined by intersection or resection methods. Ordt, Fim StctJNI StctJNI Third TItI,d 

Simultaneous reciprocal venical angles or geodetic level" CIMS I II I II 

ing arc observed along base lines. A base line need not be Standard deviation of 
observed if other base lines of sufficient accuracy were mean not to exceed ........ 0.4" OS' 0.8" 1.2" 2.0" 

observed within the base line spacing specification in the Rejection limit from 

network, and similarly for astronomic azimuths. the mean ........................ 4" 4" 5" 5" 5" 

RecIprocal VII1IcaI .up. 
hBtnunentatioa ( .... distuce IIPt .. Ih) 

Only properly maintained theodolites arc adequate for Number of independent 
observations 

observing directions and azimuths for triangulation. Only direct/revene ................ 3 3 2 2 2 
precisely marked targets, mounted stably on tripods or Muimum spread ............... 10" 10" 10" 10" 28" 
supported towers, should be employed. The target should Muimum lime intcrval 

have a clearly dcrmcd center, resolvable at the minimum between reciproc:al 

control spacing. Optical plummets or collimators are lIIJIes (hr) ...................... 

required to ensure that the theodolites and targets are .uar-lic AIimaIhs 

centered oyer the marks. Microwave-type electronic dis- Observations per nilht ........ 16 16 16 8 4 

tance measurement (EDM) equipment is not sufficiently Number of nillhts .............. 2 2 1 
Standard deviation of 

accurate for measuring higher-order base lines. mean not 10 exceed ........ 0.4S" 0.4S" 0.6" 1.0" 1.7" 
Rejection limit from 

the mean ........................ 5" S" S" 6" 6" 

Ordt, Fi,st Stctmd StcOlld Third Third FJectre.OptiaI ...... 
CldSs I II I II Minimum number of days .. 2" 2" 

Theodolite. least c:ount ....... 0.2" 0.2" 1.0" 1.0" 1.0" Minimum number of 
measumnents/day ........ 21 21 21 

Minimum number of con-
Calibration Procedures centric observations/ 

Each year and whenever the difference between direct mcasumnent ................. 2 2 

and reverse readings of the theodolite depart from 180' Minimum number Ii oITlIIII 

by more than 30", the instrument should be adjusted observations/ 
measurement ................. 2 2 2 

for collimation error. Readjustment of the cross hairs Maximum difference from 
and the level bubble should be done whenever their mis- mean of observations 
adjustments affect the instruments reading by the amount (mm) ............................. 40 40 50 60 60 

of the least count. Minimum number of 

All EDM devices and retroreflectors should be serviced readinp/oblervation 

regularly and checked frequently over lines of known 
(or equiva1ent) ................ 10 10 10 10 10 

Muimum differcnc:e from 
distances. The National Geodetic Survey has established mean of readinp (mm) .. * * * * * specific calibration base lines for this purpose. EDM .., ..... ......-
instruments should be calibrated annually, and frequency Minimum number of days .. 2" 
checks made semiannually. Minimum number of 

measurements ................ 21 2, 

FIeld Procedures Minimum number of con-

Theodolite observations for rust-ordcr and sccond-ordcr, centric obIervatirma/ 
mcasumnent ................. 

class I surveys may only be made at night. Reciprocal Minimum number Ii oITset 
venical angles should be observed at times of best atmo- observations/ 
spheric conditions (between noon and late afternoon) for mcasumnent ................. 2 

all orders of accuracy. Electronic distance measurements Maximum differcnc:e from 
mean of observations 

need a record at both ends of the line of wet and dry bulb (mm) ............................. 5 10 10 
temperatures to ± I"C, and barometric pressure to ±S Minimum number of 
mm of mercury. The theodolite and targets should be rcadinp/observation 

centered to within 1 mm oyer the survey mark or ccccntric (or equivalent) ................ 10 10 10 10 
Muimum dirrercnc:e from 

point. mean of rcadinp (mm) .. 
* * ~ ~ 

Mlcmraft DiIIIa. 

Ordt, Fi,st Stctmd StcOlld Third TItIrd 
Minimum number of 

mcasumnents ................ 2 
CIMs I II I II Minimum lime span 
DirectIm& between measurements 
Number of positions .......... 16 16 8 or 12t 4 2 (hr) ................................ !.... 8 



Oni~r 

Closs 
First S«ond S~cond T,iird Third 

I /1 I /1 

Maximum difference 
between measurements 
(mm) ........................... .. 

Minimum number of con­
centric observations/ 
measurement ................ . 

Maximum difference from 
mean of observations 
(mm) ............................ . 

Minimum number of 
readings/observation 
(or equivalent) .............. .. 

Maximum difference from 
mean of readings (mm) .. 

t 8 if 0.2". 12 if 1.0" rosolution. 
• two or more instruments. 
§ one measurement at each end of the line. 
t as specified by manufacturer. 

00 carried out at both ends of the line. 

100 

2" I" 

100 150 

20 20 

Measurements of astronomic latitude and longitude 
are not required in the United States, except perhaps for 
first-order work, because sufficient infonnation for deter­
mining deflections of the vertical exists. Detailed proce­
dures can be found in Hoskinson and Duerksen (1952). 

Office Procedures 

Order 
Closs 

First Second S«ond Third Third 

Triangle C10sure 
Average not to exceed ........ 1.0" 
Maximum not to exceed .... 3" 

Side Checks 
Mean absolute correction 

by side equation not 

I /1 I /1 

1.2" 
3" 

2.0" 
5" 

3,0" 5.0" 
5" 10" 

to exceed ........................ OJ" 0.4" 0.6" 0.8" 2.0" 

A minimally constrained least squares adjustment will 
be checked for blunders by examining the normalized 
residuals. The observation weights will be checked by 
inspecting the postadjustment estimate of the variance of 
unit weight. Distance standard errors computed by error 
propagation in this correctly weighted least squares adjust­
ment will indicate the provisional accuracy classification. 
A survey variance factor ratio will be computed to check 
for systematic error. The least squares adjustment will 
use models which account for the following: 

scmimajor axis of the ellipsoid ................................. (a - 6378137 m) 
reciprocal flattening of the ellipsoid ......................... (1 /f - 298.257222) 
mark elevation above mean sea level ........................ (known to :t I m) 
8coid hei8hts ........................................................... (known to :t 6 m) 
deflections of the vertical ........................................ (known to :t 3") 
geodesic correction 
skew normal correction 
hei8ht of instrument 
height of target 
sea level corTection 

arc correction 
~coid hei8ht correction 
second velocity correction 
crustal motion 

3.3 Traverse 
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Traverse is a measurement system comprised of joined 
distance and theodolite observations supported by occasional 
astronomic observations. Traverse is used to densify hori­
zontal control. 

Network Geometry 

Order First Second Second Third Third 
Closs I /I I /I 

Station spacina not less 
than (km) ............................... 10 4 2 0.5 0.5 

Maximum deviation of 
main traverse from 
straiaht line ............................ 20° 20° 25° 30° 40° 

Minimum number of 
bench mark tics ....................... 2 2 2 

Bench mark tic Spacin8 
not more than 
(scaments) .............................. 6 10 15 20 

Astronomic azimuth 
spacing not more than 
(segments) .............................. 6 12 20 25 40 

Minimum number of 
network control points ............. 4 2 2 2 

The new survey is required to tie to a minimum number 
of network control points spaced well apart. These net­
work points must have datum values equivalent to or 
better than the intended order (and class) of the new 
survey. Whenever the distance between two new uncon­
nected survey points is less than 20 percent of the distance 
between those points traced along existing or new connec­
tions, then a direct connection must be made between 
those two survey points. In addition, the survey should tie 
into any sufficiently accurate network control points within 
the station spacing distance of the survey. These ties must 
include EDM or taped distances. Nonredundant geodetic 
connections to the network stations are not considered 
sufficient ties. Nonredundantly detennined stations are 
not allowed. ReciprocaI vertical angles or geodetic level­
ing are observed along all traverse lines. 

lmtnunenlBtion 
Only properly maintained theodolites are adequate for 

observing directions and azimuths for traverse. Only pre­
cisely marked targets, mounted stably on tripods or su~ 
ported towers, should be employed. The target should 
have a clearly defmed center, resolvable at the minimum 
control spacing. Optical plummets or collimators are 
required to ensure that the theodolites and targets are 
centered over the marks. Microwave-type electronic dis­
tance measurement equipment is not sufficiently accu­
rate for measuring fU'St-oroer traverses. 
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Ordtr Firsl Stcond Stcond Third Third 
Class I /I I II 

Theodolite. least count ................ 0.2" 1.0" 1.0" 1.0" 1.0" 

Calibration Procedures 
Each year and whenever the difference between direct 

and reverse readings of the theodolite depart from 180· 
by more than 30", the instrument should be adjusted for 
co1limation error. Readjustment of the cross hairs and the 
level bubble should be done whenever their misadjustments 
affect the instrument reading by the amount of the least 
count. 

All electronic distance measuring devices and retrore­
flectors should be serviced regularly and checked fre­
quently over lines of known distances. The National Ge0-
detic Survey has established specific calibration base 
lines for this purpose. EDM instruments should be cali­
brated annually, and frequency checks made semiannually. 

FJeld Procedures 
Theodolite observations for frrst~rder and second~er, 

class I surveys may be made only at night. Electronic 
distance measurements need a record at both ends of the 
line of wet and dry bulb temperatures to ± I ·C and 
barometric pressure to ± 5 mm of mercury. The theod~ 
lite, EDM, and targets should be centered to within I mm 
over the survey mark or eccentric point. 

Order 
Class 

First Stcond Second Third Third 
I /I I /I 

DIrectDB 
Number of pCIIitions.................... 16 8 or 12t 6 or 8· 4 2 
StaJlcIani deviation of mean 

not to exc:ccd .......................... 0.4" OS' 0.8" 1.2" 2.0" 
Rejeaion limit from the mean .... 4" S" S" S" S" 

IlecIproaI VIIiIaI AJIIIes 
(.Joac dIsIuce IIPt ,.tb) 
Number of independent 

observations dim:t/reversc ..... 3 
Maximumspread ........................ 10" 
Muimum time inteMI between 

reciprocal anaJes (bt) ............ .. 

.uu-mIc AJimutbs 
Observations per night ................ 16 
Number of nights ....................... 2 
Standard deviation of mean 

not to exceed .......................... 0.45" 
Rejec:tion limit from the mean .... S" 

~DIstances 
Minimum number of 

measurements ....................... .. 
Minimum number of concentric 

observations/measurement ...... 
Minimum number of offset 

observations/measurement ...... 
Maximum difference from 

mean of observations (mm) ..... 60 

3 
10" 

16 
2 

0.4S" 
S" 

60 

2 
10" 

12 
I 

0.6" 
S" 

2 
10" 

8 

1.0" 
6" 

2 
20" 

4 
I 

1.7" 
6" 

Order 
Class 

Minimum number of readinp/ 
observation (or equiYllent) ..... 

Maximum difference from 
mean of readinp (mm) ........... 

bifnnd DIstances 
Minimum number of 

measurements ......................... 
Minimum number of concentric 

observations/measurement ...... 
Minimum number of offset 

observations/measurement ...... 
Maximum difference from 

mean of observations (mm) ..... 
Minimum number of readinas/ 

observation .............................. 
Maximum difference from 

mean of readinas (mm) ........... 

Micrvnoe DIstances 
Minimum number of 

measurements ......................... 
Minimum number of oonoentric 

observations/measurement ...... 
Maximum difference from 

mean of observations (mm) ..... 
Minimum number of readinas/ 

observation .............................. 
Maximum difference from 

mean of readinp (mm) ........... 

t 8 if 0.2". 12 if 1.0"lI!IOiution . 
• 6 if 0.2", 8 if 1.0"1I!IOIUIian. 
f u spocif'oed by lIIIIIuflCWm. 

Firll 

10 

I 

10 

10 

* only if decimallIIdina _ 0 ar IIiIb 9' •. 
•• c:anied aut.t batb CDda d tile 1ine. 

Second 
I 

10 

I 

10 

10 

I 

2·· 
ISO 

20 

I 

Second Third ;"hlrd 
II I 11 

10 10 10 

I 

1* 

I~ 

10 10 10 

I 

I·· I·· I·· 
ISO 200 200 

20 10 10 

I I 

Measurements of astronomic latitude and longitude 
are not required in the United States, except perhaps for 
fU'St-onier work, because sufficient information for deter­
mining deflections of the vertical exists. Detailed PJO'» 
dures can be found in Hoskinson and Duerksen (1952). 

OIIlce PrcKledures 

Order 
Oass 

Azimuth c\oaure 
.tazimuth 
cbeclt point 

Fint 

(1IeIDIda olare). 1.7 VN 
Position cloa1iR .... 0.04 y'K 

after azimuth ... or 
.djUitmentt ..... 1:loo.cm 

StCOllll Second Tlrirtl TIIirtI 
I • II I II 

3.0VN 4.SVN 10.OVN 12.0VN 
0.08y'K 0.20y'K 0.40y'K 0.80y'K 

or or or or 
l:SO,OOO 1:2O,IXX) 1:IO,1XXl 1:S,1XXl 

(N iI number d ........ It iI_ diIranoe in Ian) 
t TIle ~ IIIIIIaiDiD& tile 11( ..... _ iI dooiped far Ionpr ... wbere 

hiPcr pcoponianaI IOCIInC)' iI Nquind. Uoc !be fonnula lllat Ii- tile IIIII1100t 
penniIIible cICIIure. TIle cIaIure ( ..... 1:100.(00) is obtained by ClDplltiq tile 
cIiIf ___ tile 0IIIIIpIIId and fIgd ...... and ~ tIiI cIiIf_ by It 
Nocc: Do DOl canr_ cIaowe with diIranoe IOCIInC)' d tile 1Um)'. 

A minimally constrained least squares adjustment will 
be checked for blunders by examining the normalized 
residuals. The observation weights will be checked by 



inspecting the postadjustment estimate of the variance of 
unit weight. Distance standard errors computed by error 
propagation in a comc:t1y weighted least squares adjust­
ment will indicate the provisional accuracy classification. 
A survey varianc:e rac:tor ratio will be computed to check 
for systematic error. The least squares adjustment will 
use models which ac:count for the following: 

ICIIIimajor Dis of the elliplOid 
nciprocal Oattcnina of the ellipsoid 
mark elevation above mean sea level 
poid hciahts 
-deftections of the vertical 
podesic correc:tiOll 
skew normal correc:tion 
beiaht of instrument 
height of larJCI 
sea level comction 
an: correc:tion 
poid hciabt correc:tion 
IeCOIICI velocity comction 
crustal motion 

3.4 Inertial Suneying 

(8 - 6378137 m) 
(Iff - 298.257222) 
(known to % 1 m) 
(known to % 6 m) 
(known to % 3") 

Inertial surveying is a measurement system comprised 
of lines, or a grid, of Inertial Surveying System (ISS) 
observations. These specifications cover use of inertial 
systems only for horizontal control. 

Network Geometry 

Order S«ONl S«ONl Third TIIlrd 
eltlls I II I II 

Station lpac:ina not las than (Ian) .... 10 4 2 
Muimum deviation from .tnight 

line COMeCtin& endpoints .............. 20° 25° 30° 35° 

Each inertial survey line is required to tie into a mini­
mum of four horizontal network control points spaced 
well apart and should begin and end at network control 
points. These network control points must have horizontal 
datum values better than the intended order (and c:Iass) of 
the new survey. Whenever the shortest distance between 
two new unconnected survey points is less than 20 percent 
of the distance between those points traced along existing 
or new connections, then a direct connection should be 
made between those two survey points. In addition, the 
survey should connect to any sufficiently ac:c:urate net­
work control points within the distance specified by the 
station spacing. The connections may be measured by 
EDM or tape traverse, or by another ISS line. If an ISS 
line is used, then these lines should follow the same speci­
fications as all other ISS lines in the survey. 

For extended area surveys by ISS, a grid of intersec:tins 
lines that satisfies the 20 percent rule stated above can be 
designed. There must be a mark at each intersec:tion of the 
lines. This mark need not be a permanent monument; it 
may be a stake driven into the ground. For a position to 
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receive an ac:c:ur.tc:y c:lassif'ation, it must be permanently 
monumcnted. 

A grid of intcrsec:ting lines should _ contain a minimum 
of eight network points, and should have a network cen­
troI point at each comer. The remaining network control 
points may be distributed abcut the interior CI' the peripheIy 
of the grid. However, there should be at least one network 
control point at an intersec:tion of the grid lines near the 
center of the grid. If the required network points are not 
available, then they should be established by some other 
measurement system. Again, the horizontal datum values 
of these network control points must have an order (and 
class) better than the intended order (and class) of the 
new survey. 

ImtnImeatatioa 
ISS equipment fa& into two types: IIIIlytic: (or strapdown) 

and semianalytic. Analytic inertial units arc not consid­
ered to possess geodetic accuracy. ScmianaIytic units are 
either "space stable" or "loc:al level." Space stable sys­
tems maintain the orientation of the platform with respect 
to inertial space. Local level systems continuously torque 
the accelerometers to ac:c:ount for Earth rotation and 
moYement of the inertial unit, and also torque the platfcrm to 
coincide with the local level. 'Ibis may be done on c0m­

mand at a coordinate update, CI' whenever the unit achieves 
zero velocity (Zero veloc:ity UPdaTe, or "ZUPlj. Inde­
pendently of the measurement technique, the recorded 
data may' be rdtercd by an onboard computer. Because 
of the variable quality of individual ISS instruments, 
the user should test an instrument with existing podetic 
control beforehand. 

An otTset measurement device ac:c:urate to within S mm 
should be afflXCd to the incrtiaI unit or the vehicle. 

CaIIbradoa Proceduns 
A static calibration IhouId be performed yearly and 

immediately after repairs affectina the platform. gyr0-

scopes, or ac:c:cleromcters. 
A dynamic or field c:a1ibration should be performed 

prior to each project CI' subsequent to a static c:alibration. 
The dynamic: calibration should be perfonncd only betwcn 
horizontal control points of fant-«der ac:c:uracy and in 
each cardinal direc:tion. The ac:c:eleromcter sc:a1e factors 
from this c:alibration should be recorded and, if possible, 
stored in the onboard computer of the inertial unit. 

Before each project or after repairs affecting the otTset 
measurement device CI' the inertial unit, tile relation betwcn 
the center of the inertial unit and the zero point of the 
offset measurement device should be established. 

FWd Prucedures 
When surveying in a helicopter, the helicopter must 

come to rest on the around for all ZUPT's and all 
measurements. 
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Ordtr S«ONI S«ONI Third Third 
C/IIIS I /I I II 

Minimum number of complete 
runs per line ................................. 2 

Muimum dcYiation from a 
uniform rate of travel 
(includilll ZUPI") ........................ 15% 20% 25% m 

Maximum ZUPT intenal (ZUPT 
to ZlJPT) (sec) ............................ 200 240 300 300 

A complete ISS measurement consists of measurement 
of the line while traveling in one direction. followed by 
measurement of the same line while traveling in the re­
verse direction (double-run). A coordinate update should 
not be performed at the far point or at midpoints of a line, 
even though those coordinates may be known. 

The mark offset should be measured to the nearest S 
mm. 

Ordtr S«ONI Srcond Third Third 
C/IIIS I II I II 

Maximum diffcnnc:e of smooIhclL, 
coordinates between forward 
and reverse run (em) .................... 60 60 70 80 

A minimally constrained least squares adjustment of 
the raw or filtered survey data will be checlced for blunders 
by examining the normalized residuals. The observation 
weights will be checked by inspecting the postadjustment 
estimate of the variance of unit weight Distance standard 
errors computed by error propagation in this correctly 
weighted least squares adjustment will indicate the provi­
sional accuracy classification. A survey variance factor 
ratio will be computed to check for systematic error. The 
least squares adjustment will use the best availabie model 
for the particular inertial system. Weighted averages of 
individually smoothed lines arc not considered substitutes 
for a combined 1cast squares adjustment to achieve geodetic 
accuracy. 

Geodetic leveling is a measurement system comprised 
of elevation differences observed between nearby rods. 
Leveling is used to extend vertical control. 

Network Geometry 

Ordtr Firs' Firs' S«ONI Srcond Third 
CI_ I /I I II 

Bench mark .pacina not 
more Ihan (Ian) ...................... 3 3 

Averqc bench mask spacinJ 
not more than (Ian) ................. 1.6 1.6 1.6 3.0 3.0 

Une Ieqth between network 
cxmuoI points not more 

FIn, FIn, SICtIIId SICtIIId TItIrd 
I II I II 

Ihan (Ian) ............................... 300 100 SO SO 25 
(doubJe.nan) 

25 10 
(1iqIe-nan) 

New surveys are required to tie to existing network 
bench marks at the bqinnins and end of the leveling line. 
These network bench marks must have an order (and 
class) equivalent to or better than the intended order (and 
class) of the new survey. F'II'St-order surveys arc required 
to perform check connections to a minimum of six bench 
marks. three at each end. All other surveys require a 
minimum of four check connections. two at each end. 
"Check connection" means that the observed elevation 
difference agrees with the adjusted elevation difference 
within the tolerance limit of the new survey. Checking the 
elevation difference between two bench marks located on 
the same structure, or so close together that both may 
have been affected by the same loc:alized disturbance, is 
not considered a proper check. In addition, the survey is 
required to connect to any network control points within 3 
Ian of its path. However. if the survey is run parallel to 
existing control. then the following table specifies tht; 
maximum spacina cl extra cxmections between the survey 
and the control. At least one extra connection should 
always be made. 

0.5 Ian or_ .................................. . 
0.5 Ian to 2.0 Ian ............................. . 
2.0 Ian to 3.0 Ian ............................. . 

MtlJdmum 1ptId", of 
_",,,,-m- (Iurt) 

5 
.0 
20 

Ortkr 
CItw 

Fi", FIn, S«ONI S«ONI TItIrd 

............. 
Minimum repeatability of 

I II I II 

line of liabt .......................... 0.25" 0.25" O.SO" O.SO" 1.00" 
l.cvcliq rod COIIIUIICtion ......... IDS IDS IDSt ISS Wood or 

t.a-tlllll .......... 
(1lIIIIIIIiIId) 

or ISS Metal 

Least count (mm) .................... 0.1 0.1 0.5-1.0· 1.0 1.0 

(1DS-1mIr. dauIIIc.uJ 
(1SS-Invor ....... .uJ 
tif .... ~ilUIId. 
• 1.0 DUn if ).wire IIIIIbod, 0.5 .. if apIic:m 1IIiaamcter. 
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Only a compensator or tilting leveling instrument with FJeld ProceciurI1S-Continued 
an optical micrometer should be IDCd for fust-order leveling. 
Leveling rods should be one piece. Wooden or metal rods Ordtr First First Second Stctmd Third 

may be employed only for third-order work. A turning Class I II II 

point consisting of a steel turning pin with a driving cap Difference of forward and 
should be utilized. If a steel pin C8Mot be driven, then a backward siaht lengths 

turning plate ("tunIe") weighing at least 7 kg should be never to exceed 

substituted. In situations allowing neither turning pins per setup (m) .............. 2 S 5 10 10 
per section (m) ........... 4 10 10 10 10 

nor turning plates.(sandy or marshy soils), a long wooden Maximum sight 1ength (m) .. SO 60 60 70 90 
stake with a double-headed nail should be driven to a fmn Minimum ground cIcarancc 
depth. of line of sight (m) .......... 0.5 0.5 0.5 0.5 0.5 

Even number of setups 

Calibration Procedures when not using leveling 
rods with detailed 
calibration ...................... yes yes yes yes 

Ordtr First First SteOM SteOM Third Determine temperature 
Class I II I II gradient for the vertical 

l.fttIing inItnImeIIt 
range of the line of sight 

Maximum collimation error, 
at each setup .................. yes yes yes 

single line of sight (mm/m) .... 0.05 0.05 0.05 0.05 0.10 Maximum section 

Maximum collimation error, 
misclosure' (mm) ............ 3y'D 4y'D 6y'D 8y'D 12y'D 

reversible compensator type Maximum loop 

instruments, mean of two 
misclosure (mm) ............ 4VE SVE 6VE BVE 12VE 

line.; of sight (mm/m) ............. 0.02 0.02 0.02 0.02 0.04 SiDP-nm metIIoIb 
Tunc interval between ooIIimation Reverse direction of single 

error determinations not runs every half day ......... yes yes yes 
longer than (days) 

Reversible compensator ...... 7 7 7 7 ~ I:IIQIIBIIOr 

Other types ......................... 7 ImIing InsIrumenIS 

Maximum angular difference orf·level/ relevel 

between two lines of sight, instrument between 

reversible compensator ........... 40" 40" 40" 40" 60" observing the high 
and low rod scales ........... yes yes yes 

lMincrod 
Minimum scale calibration >winmetbod 

standard .................................. N N N M M Reading check (difference 

Time interval between between top and bottom 

scale calibrations (yr) .............. 
intervals) for one setup 

Leveling rod bubble verticality 
not to exceed (tenths of 

maintained to within ............... 10' 10' 10' 10' 10' 
rod units) ........................ 2 2 

Read rod I rust in 

(N-National Slanclanl) 
alternate setup method ... yes yes yes 

(M-Manufaaurer's stancIanI) Double IICaJe rods 
Low-high scale elevation 

Compensator-type instruments should be checked for difference for one setup 

proper operation at least every 2 weeks of use. Rod not to exceed (mm) 

calibration should be repeated whenever the rod is dropped or With reversible 
compensator ........... 0.40 1.00 1.00 2.00 2.00 

damaged in any way. Rod levels should be checked for Other imtIum:nt type!: 

proper alignment once a week. The manufacturer's Half«ntimeter rods .... 0.25 0.30 0.60 0.70 1.30 

calibration standard should, as a minimum, describe scale Fu1J.centimcter rods ... 0.30 0.30 0.60 0.70 1.30 

behavior with respect to temperature. (SRDS-SiJI&Io-Run, Double Simul...-.. procedure) 
(DR-Doublo-Run) 

FJeld Procedures (SP-SPur, leu !ban 25 Ian, doublo-run) 
D-thorteolienath or IOCIion (_y) in Ian 
E-1"'rimclU or loop in Ian 

Order First First SteaM SteOM Third t Must doublo-nm wben usina ).wire method . 
Class I /I I /I • May linale·run ir line lenatb belween .etwork conlrol poinu is I ... Iban 

25 Ian. 
Minimal observation t May linale-run ir line lenatb belween .etwork control poinu is I ... tban 

method .. ............. ........... micro- micro- micro- 3-wire center 10 Ian. 

meter meter meter or wire 
Double-run leveling may always be used, but single-3-wire 

Section running ........... ....... SRDS SRDS SRDS SRDS SRDS run leveling done with the double simultaneous procedure 
or DR or DR or DRt or DR· orDRS may be used only where it can be evaluated by loop 
orSP orSP orSP closures. Rods should be leap-frogged between setups 
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(~temate setup method). The date, beginning and endina 
times, cloud coverage, air temperature (to the nearest 
degree), temperature scale, and a\'a'I&C wind speed sbouId 
be recorded for each section plus any clJanaes in the date, 
instrumentation, observer or time zone. The instrument 
need not be orr-Ieveied/releveled between observing the 
high and low scales when using an instrument with a 
reversible compensator. The low-high scale difference 
tolerance for a reversible compensator is used only for the 
control or blunders. 

With dooble sca1e rods, the following observina sequence 
should be used: 

backsiabl, Iow«alc 
bacbiahl, IIIdia 
foreaiJbl, Iow«aIc 
forcsiJhl, Itadia 
ofI'-Icftl/reIcveI or _ ClCIIIJICIIIItor 
forcsiJhl, biaJHcaIc 
baclcsiaJll, hiah«aIc 

0If'1Ce Proeedwes 

Ord" 
CIIISs 

SectIoa .....a-.. 
(IIacbInI- f-.nll 
AJaebraic sum of aU 

comc:ted IICIion IIIiscIoIUIes 
of alcvclina line 

Fim FInt SfCtNId S«OIId TIIIrd 
I II I II 

IlOl lOuceed(mm) ................. 3VD 4VD 6VD 1,11\ 12,11\ 
Section misc:burc IlOIlO v., v., 

cxc:cccl(mm) ........................... 3YE 4YE 6YE lYE 12y'E 

Leap ...... 
A1plnic sum of aU 

correcICd miIdoIures 
IlOl lOuceed(mm) ................. 4...jF S...jF 6...jF 8...jF 12VF 

Loop misckII1Irc not 
10 "coed (mill) ....................... 4..jF S..jF 6..jF 8..jF 12..jF 

(~ Iqtb oIleV11i11J line (_y) in II1II) 
(E--tbaruot -J -.m oIl111C1ion in II1II) 
(F-IeftadI of loop in II1II) 

The nonnaliz.ed residuals from a minimally COII5t1'ained 
least squares adjustment will be checked for blunders. 
The observation weights will be checbd by inspecting the 
postadjustment estimate or the variance of unit weight. 
Elevation difference standard errors computed by error 
propagation in a corrcc:tly Mighted 1c:ast squares adjustment 
will indicate the provisional accuracy clusification. A 
survey variance factor ratio will be computed to check for 
systematic error. The least squares adjustment will use 
models that account for: 

IIlIvity effect or ortbomctric correction 
rod scale crron 
rod ((nyu) temperature 
rcfraction-need latitude and \aaiitudc 10 6" or vcrtic:aI tempera­

ture difference obacrvatiolll bct_ O.S and 2.S m abcwe the 
JIQIIIICI 

earth tides and mqnetic racld 
collimation mar 
c:nastaI motion 

3.6 Photopammetry 

Photoarammetry is a meuurement system comprised 
of photolraphs taken by a precise metric camera and 
measured by a comparator. PhotosrammetrY is used for 
densification or horizontal control. The f0110wins specifi­
cations apply only to analytic methods. 

Ord" S«ond S«OIId TIIIrd Tltird 
CIIw I II I II 

F«ward overlap not _ than ........... 66~ 66~ m m 
Side overlap not .. than ................. 66~ 66~ m m 
IDIcnec:tin& rays per ~ IlOl 

_than (daiJn criteria) .............. 9 8 

The photogrammetric survey should be areal: sinlle 
strips of photography are DOt acceptable. The sumy should 
encompus, ideally, a minimum of eight horizontal con­
tro~ points and four vertical points spaced about the 
peruneter of the survey. In addition, the horizontal c0n­

trol points should be spaced 110 farther apart than seven 
air bues. The horizontal control points should have an 
order (and class) better than the intended order (and class) 
or the survey. The vertical points need not meet geodetic 
con!Ml standards. If the required oontrol points are not 
available, then they must be established by some other 
measurement system. 

S«OIlII S«ond TIIIrd Tltird 
I II I II 

Mllrlcc-. 
Muimum warp of platen nat 

marc than (pm) ............................ 10 10 10 10 
DiIIICIIIianaI ClGIIlnII not 

_than ........................................ _II . 8 I 

(i1.,lrNar 
Lcut __ (pm) ............................ .. 

with fldvcials radvcials rldvcials 
III&lIimvm 
IpICina 
01' 2 em 

The camera should be of at leut the quality of those 
~mployed for large-scale mappinl. A platen should be 
mcluded onto which the film must be satisfactorily flat­
tened during exposure. Note that a reseau should be used 
for seconckJrder, class I surveys. 

CaIIntion Procedures 

Ordtr S«OIId S«ONI TIIIrd Tltird 
CIIw I II I II 

MIIrIc_ 
Root _lQuare 01' c:alibratld 

racIiaI diItor1ion not marc 
than (pm) ..................................... S 



CaHbration Procedures-Continued 

Ordtr 
CI4Is 

Root mean aquare of Wibrated 
dcccntcring distortion not more 
than (jun) .................................... . 

Root mean aquare of rcseau 
coordinates not more than u.m) .... 

Root mean aquare of fiducial 
coordinates not more than (jun) .... 

StroM SteOM Third Third 
I U I U 

5t 5t 5t 

t not lllua1ly treated separately in camera calibrauon facilities; manufacturer', 
c:miflCltion is satisfactory. 

The metric camera should be calibrated every 2 yean, 
and the comparator should be calibrated every 6 months. 
These instruments should also be calibrated after repair 
or modifications, 

Characteristics of the camera's internal geometry (radial 
symmetric distortion, decentered lens distortion, princi­
pal point and point of symmetry coordinates, and rcseau 
coordinates) should be determined using recognized cali­
bration techniques, like those described in the current 
edition of the Manual of Photogrammetry, These charac­
teristics will be applied as corrections to the measured 
image coordinates, 

FJeld Procedures 
Photogrammetry involves hybrid measurements: a metric 

camera photographs targets and features in the field, and 
a comparator measures these photographs in an office 
environment. Although this section is entitled "Field Pr0-
cedures," it deals with the actual measurement process 
and thus includes comparator specifications. 

Ordtr Stcolllf Steolllf Third Third 
CI4Is I 1/ I 1/ 

TupIs 
Control points targeted ..................... yes yes yes yes 
Pass points targeted .......................... yes yes optional optional 

CGm .... tor 
Pointings per target not less than ...... 4 2 2 
Pointings per reseau (or fiducial) 

not less than .................................. 4 2 2 
Number of different rcseau 

intersections per target not 
less than ........................................ 4 

Rejection limit from mean of 
pointings per target (jun) .............. 

Office Procedures 

Order StroIIIf SteaM Third Third 
CI4Is I 1/ I II 

Root mean aquare of adjusted 
photocoordinates not more 
than u.m) ..................................... 4 6 8 12 
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A least squares adjustment of the phorocoordinates, 
constrained by the coordinates of the horizontal and ver­
tical control points, will be checked for blunders by examin­
ing the normalized residuals. The observation weights 
will be checked by inspecting the postadjustment esti­
mate of the variance of unit weight. Distance standard 
errors computed by error propagation in this correctly 
weighted least squares adjustment will indicate the pr0vi­
sional accuracy classification. A survey variance factor 
ratio will be computed to check for systematic error. The 
least squares adjustment will use models that incorporate 
the quantities determined by calibration. 

3.7 Satellite Doppler Positioning 

Satellite Doppler positioning is a three-dimensional 
measurement system based on the radio signals of the 
U.S. Navy Navigational Satellite System (NNSS), 
commonly referred to as the TRANSIT system. Satellite 
Doppler positioning is used primarily to establish hori­
zontal control. 

The Doppler observations are processed to determine 
station positions in Cartesian coordinates, which can be 
transformed to geodetic coordinates (geodetic latitude 
and longitude and height above reference ellipsoid). There 
are two methods by which statioo pmtioos can be derived: 
point positioning and relative positioning. 

Point positioning, for geodetic applications, requires 
that the processing of the Doppler data be performed with 
the precise ephemerides that are supplied by the Defense 
Mapping Agency. In this method, data from a single 
station is processed to yield the station coordinates. 

Relative pmtioning is palSible when two or more receivers 
are operated together in the survey area. The processing 
of the Doppler data can be performed in four modes: 
simultaneous point positioning, translocation, semishort 
arc, and short arc. The specificatioos for relative pmtmng 
are valid only for data reduced by the semi:short or short 
arc methods. The semishort arc mode allows up to S 
degrees of freedom in the ephemerides; the short arc mode 
allows 6 or more degrees of freedom. These modes allow 
the use of the broadcast ephemerides in place of the 
precise ephemerides. 

The specifications quoted in the following sections are 
based on the experience gained from the analysis of Doppler 
surveys performed by agencies of the Federal govern­
ment Since the data are primarily from surveys performed 
within the continental United States, the precisions and 
related specifications may not be appropriate for other 
areas of the world. 

Network Geometry 
The order of a Doppler survey is determined by: the 

spacing between primary Doppler stations, the order of 
the base network stations from which the primaries are 
established, and the method of data reduction that is 
used, The order and class of a survey cannot exceed the 
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lowest order (and class) of the base stations used to estab­
lish the survey. 

The primary stations should be spaced at regular inter­
vals which meet or exceed the spacing required for the 
desired accuracy of the survey. The primary stations will 
carry the same order as the survey. 

Supplemental stations may be established in the same 
survey as the primary stations. The lowest order (and 
class) of a supplemental station is determined either by its 
spacing with, or by the order of, the nearest Doppler or 
other horizontal control station. The processing mode 
determines the allowable station spacing. 

In carrying out a Doppler survey, one should occupy, 
using the same Doppler equipment and procedures, at 
least two existing horizontal network (base) stations of 
order (and class) equivalent to. or better than, the intended 
order (and class) of the Doppler survey. If the Doppler 
survey is to be first-order, at least three base stations 
must be occupied. If relative positioning is to be used, all 
base station base lines must be directly observed during 
the survey. Base stations should be selected near the 
perimeter of the survey, so as to encompass the entire 
survey. 

Stations which have a precise elevation referenced by 
geodetic leveling to the National Geodetic Vertical Datum 
(NGVD) are preferred. This will allow gcoidal heights to 
be determined. As many base stations as possible should 
be tied to the NGVD. If a selection is to be made, those 
stations should be chosen which span the largest portion 
of the survey. 

If none of the selected base stations is tied to the 
NGVD, at least two, preferably more, bench marks of the 
NGVD should be occupied. An attempt should be made 
to span the entire survey area. 

Datum shifts for transformation of point position solu­
tions should be derived from the observations made on the 
base stations. 

The minimum spacing, D, of the Doppler stations may 
be computed by a formula determined by the proCessing 
mode to be employed. This spacing is also used in c0n­

junction with established control, and other Doppler 
control, to determine the order and class of the supple­
mental stations. 

By using the appropriate formula, tables can be con­
structed showing station spacing as a function of point or 
relative onc-sigma position precision (sp or s,) and desired 
survey (or station) order. 

PoIot Positioning 

where 
a - denominator of distance accuracy classification 

standard (e.g., a .. 100,000 for first-order stand­
ard). 

Ordtr 
CIIISS 

First StcOIIII S«OIld Third Third 

sp(tm) 

200 ............................................. 566 
100 ............................................. 283 
70 ............................................... 200 
50 ............................................... 141 

ReiadYe POilitiGalnl 

D-2s,a 

where 

1 II 1 II 

o (Ian) 

242 114 56 
141 57 28 
100 40 20 
71 26 14 

28 
14 
10 
7 

a - denominator of distance accuracy classification 
standard (e.g., a - 100,1XX> for ftrSt-onier standard). 

Ordtr 
Class 

Fint S«OIIII S«tJIIII TlJi,d Third 
1 II 1 11 

s,(em) 

so ............................................... 100 so 
35............................................... 70 35 
20 ............................................... 40 20 

o (Ian) 

20 
14 
8 

10 
7 4 
4 2 

However, the spacing for relative positioning should 
not exceed SOO Ian. 

Iastnmentatiaa 
The receivers should receive the two carrier frequen­

cies transmitted by the NNSS. The receivers should rccon1 
the Doppler count of the satellite, the receiver clock 
times, and the signal strength. The integration interval 
should be approximately 4.6 sec. Typically six or seven of 
these intervals are accumulated to form a 30-second 
Doppler count observation. The reference frequency should 
be stable to within 5.0(11),") per 100 sec. The maximum 
difference from the average receiver delay should not 
exceed 50 ".:. The best estimate of the mean electrical 
center of the antenna should be marked. This mark will be 
the reference point for all height-of~ measu.rcments. 

c.Jlbratioa ProcecIur. 
Receivers should be calibrated at 1east once a year, or 

whenever a modification to the equipment is made. It is 
desirable to perform a calibration before every project to 
verify that the equipment is operational. The tworcceiver 
method explained next is preferred and should be used 
whenever possible. 

T ... ReeeiYer Mediad 
The observations are made on a vector base line, of 

internal accuracy sufficient to serve as a comparison 
standard, 10 to 50 m in length. The base line should be 
located in an area free of radio interference in the 150 and 
400 MHz frequencies. The procedures found in the table 
on relative positioning in "Field Procedures" under the 20 
em column heading will be used. The data are reduced by 
either shortarc or semishort arc methods. The receivers 



will be considered operational if the differences between 
the Doppler and the terrestrial base line components do 
not exceed 40 em (along any coordinate axis). 

Single-Receber Method 
Observations are made on a first-order station using 

the procedures found in the table on relative positioning 
in "Field Procedures" under the SO cm column heading. 
The data are reduced with the precise ephemerides. The 
resultant position must agree within 1 m of the network 
position. 

FJeld Procedures 
The following tables of field procedures are valid only 

for measurements made with the Navy Navigational Sa­
tellite System (TRANSIT). 

Point Positioning 

Sp (pr~eise ~ph~m~rid~s) 50 em 70 em 100 em 200 em 

Max. standard deviation of mean 
of counts/pass (em), broadcast 
ephemerides .................................. 25 25 25 25 

Period of observation not less 
than (hr) ....................................... 48 36 24 12 

Number of observed passes not 
less thant ...................................... 40 30 15 

Number of acceptable passes 
(evaluated by on-site point 
processing) not less than ................ 30 20 9 4 

Minimum number of acceptable 
passes within each quadrant' ........ 6 4 2 

Frequency standard warm-up 
time (hr) 

crysu.I ........................................... 48 48 24 24 
atomic ........................................... I.S 1.5 1.0 1.0 

Maximum interval between 
meteorological observations (hr) .... 6 

t Number or pa"c. rercr. to thosc ror whioh thc pr«i.c ephemerid .. are 
available ror reduc:tion. 

, There should be a nearly equal number of northward and southward pules. 

t each setup. visit and takedown. 

Relalive positioning 

" 20 em 35 em 50 em 

Maximum standard deviation of mean of 
counts/pass (em). broadcast ephemerides ... 25 25 25 

Period of observation not less than (hr) ........... 48 36 24 
Number of observed passes not less thant ....... 40 30 15 
Number of acceptable passes (evaluated 

by oMite point position processing) 
not less than ................................................ 30 20 9 

Minimum number of acceptable passes 
within each quadrant' ................................ 6 4 2 

Frequency standard warm-up time (hr) 
crystal ......................................................... 48 48 48 
atomic ......................................................... 1.5 1.5 I.S 

Maximum interval between meteorological 
observations (hr) ......................................... 6 6 f 

t Number or observed pules relers 10 an IIlemtcs available lor tractan, and 
reduolio" wilh Ih. broodc:ast or proc:ise ephemerides. 

• Number 01 northward and southward pules should be nearly equal. 
S Each setup. visit and takotlown. 
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The antenna should be located where radio interference 
is minimal for the ISO and 400 MHz frequencies. Medium 
frequency radar, high voltage power lines, transformers, 
excessive noise from automotive ignition systems, and 
high power radio and television transmission antennas 
should be avoided. The horizon should not be obstructed 
above 7.5·. 

The antenna should not be located near metal struc­
tures, or, when on the roof of a building, less than 2 m 
from the edge. The antenna must be stably located within 
I mm over the station mark for the duration of the 
observations. The height difference between the mark 
and the reference point for the antenna phase center 
should be measured to the nearest miIlimetcr. H an antenna is 
moved while a pass is in progress, that pass is not accept­
able. If moved, the antenna should be relocated within 5 
mm of the original antenna height; otherwise the data 
may have to be processed as if two separate stations were 
established. In the case of a reoccupation of an existing 
Doppler station, the antenna should be relocated within 5 
mm of the original observing height. 

Long-term reference frequency drift should be moni­
tored to ensure it does not exceed the manufacturer's 
specifications. 

Observations of temperature and relative humidity should 
be conected, if possible, at or near the height of the phase 
center of the antenna. Observations of wet-bulb and dry­
bulb temperature reaq should be recorded to the nearest 
0.5 -C. Barometric readings at the station site should be 
recorded to the nearest millibar and corrected for differ­
ence in height between the antenna and barometer. 

Office Procedures 
The processing constants and criteria for determining 

the quality of point and relative positioning results are as 
fonows: 

1. For all passes for a given station occupation, the 
average number of Doppler counts per pass should 
be at least 20 (before processing). 

2. The cutoff angle for both data points and passes 
should be 7.5". 

3. For a given pass, the maximum allowable rejection 
of counts, 3 sigma postprocessing, will be 10. 

4. Counts rejected (excluding cutoff angle) for a solu­
tion should be less than 10 percent. 

S. Depending on number of passes and quality of data, 
the standard deviation of the range residuals for all 
passes of a solution should range between: 

Point positioning-IO to 20 em 
Relative positioning-5 to 20 em 

A minimally constrained least squares adjustment will 
be checked for blunders by examining the normalized 
residuals. The observation weights will be checked by 
inspecting the postadjustment estimate of the variance of 
unit weight. Distance standard errors computed by error 
propagation between points in this correctly weighted 
least squares adjustment will indicate the maximum acbiev-
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able accuracy classification. The formula presented in 
"Standards" will be used to arrive at the actual cIalIIIifation. 
The least squares adjustment will usc models wbich account 
for: 

II'OpClIJIheric IC&Ic bias, 10 pen1CIItllllCCJtlimy 
nc:eiver time delay 
saICUite/rteei_ frequency otrlet 
preciIc ephemeris 
InIpoIpheric Rfraetil1n 
i~ refraction 
Jona-term ephemeris variations 
crustal motion 

3.8 Absolute GraYimetry 

Absolute gravimetry is a measurement system which 
determines the malnitude of gravity at a station at a 
specific time. Absolute gravity mcasurcmcnts an: used to 
establish and extend gravity control. Within the context 
of a geodetic gravity network, as discussed in "Standards," a 
series of absolute measurements at a control point is in 
itself sufficient to establish an absolute gravity value for 
that location. 

The value of gravity at a point is time dependent. being 
subject to dynamic effects in the Earth. The extent of 
gravimetric stability can be determined only by repeated 
observations over many years. 

Network Geometry 
Network geometry cannot by systematized since abso­

lute observations at a specific location arc discrete and 
unc:orrelated with other points. In absolute gravimetry, a 
network may consist of a sin8lc point 

A fmt-orcier, class I station must possess gravimetric: 
stability, whic:h only repeated measurements c:an deter­
mine. This gravimetric: stability should not be confused 
with the accuracy determined at a specific time. It is 
possible for a value to be determined very precisely at two 
different dates and for the valucs at each of these respec­
tive dates to differ. Although the ultimate stability of a 
point cannot be determined by a single observation set­
sion, an attempt should be made to select sites which an: 
believed to be tectonic:a1ly stable. and suff'tcicnt1y distant 
from large bodies of water to minimize ocean tide coastal 
loading. 

The classification of fmt-order, class I is reserved for 
network points which have demonstrated long-term sta­
bility. To ensure this stability, the point should be reobIcMd 
at least twice during the year of establishment and tJJcro. 
after at sufficient intervals to ensure the continuing sta­
bility of the point. The long-term drift should indicate 
that the value will not change by more than 20 "Gal for at 
1east S years. A point intended as flrst-order, class I will 
initially be classified as fust-ordcr, class II until stability 
during the fU'St year is demonstrated. 

IIBtrumentadon 
The system currently being used is a ballistic-laser 

device and is the only one at the current state of technol()o 

gy con\idcrcd sufficiently accurate for absolute gravity 
measurements. An absolute instrument measures gravity 
at a specific elevation above the surface, usually about 1 
m. For this reason, the sravity value is referenced to that 
level. A measurement of the vertical gravity gradient, 
usins a relative gravity meter and a tripod. must be made 
to transfer the gravity value to ground level. The accuracy 
of the relative gravimeter must satisfy the gravity gradi­
ent specifications found in "FlCld Procedures." 

CaIibratioa ~ 
Ballistic-laser instruments are extremely delicate and 

each one represents a unique entity with its own char» 
teristies. It is impossible to identify common systematic 
errors for all instruments. Tbercfore. the manufacturer's 
recommendations for individual instrument calibration 
should be followed ripously. 

To identify any possible bias IISIIOCiated with a particular 
instrument. comparisons with other absolute devices arc 
strongly recommended whenever possible. Comparisons 
with previously established first-order, class I network 
points, as wen as rU'St-order, class II network points tied 
to the class I points, an: also useful. 

Field Proeeduns 
The following speciIic:atians were determined fron raults 

of a prototype device built by J. Faller and M. Zumberge 
(Zwnberge, M., "A Portable Apparatus f« Abdute Mea­
surements of the Earth's Gravity," Department of Pbysics, 
University of Colorado, 1981) and an: Jiven merely as a 
guideline. It is possible that some of these valucs may be 
inappropriate for other instruments or models. Therefore. 
exceptions to these specifications are allowed on a case­
by-case basis upon the recommendation of the manufac­
turer. DeviatioJls from the spocUatioJls should be noted 
upon submission of data for classification. 

Order Fint Fint SIfDIIII TIdnI 
Cltw 1 11 

AIIIeIIIII U IF t 
StandanI dcviatiaa 01 each 

acceptecI-.cment let 
DOt tAl aceed (,.OaI) ..................... 20 20 50 100 

MiIIimum number or-I 
obIemtiaa .................................... s S S 5 

Muimum difference of a 
meuurement tel fl1llll _ of 
all ___ (,aGal) .............. 12 12 37 48 

IIanJmetric ptaItue Itandard 
_(mblr) ................................. .. .. 

GnIIIatU.1 • SlIIIdard deviation of ____ 

tI mtic:alll'lvity padiIIIIat 
lime tI obIemlion (,aGal/m) ....... S S 5 S 

Standanl dcviatiaa tI bliPt 01 
ialtrumeDt abcwe point (mm) ........ S 10 



0IIice Procedures 
The manufacturer of an absolute gravity instrument 

usually provides a reduction process which identifies and 
accounts for error sources and identifiable parameters. 
This procedure may be sufficient, making further office 
adjustments unncccssary. 

A least squares adjustment will be checked for blun­
ders by examining the nonnalizcd raiduak. The observation 
weights will be checked by inspecting the postadjustmcnt 
estimate of the variance of unit weight. Gravity value 
standard deviations computed by error propagation in a 
comctly weighted, least squares adjustment will indicate 
the provisional accuracy classification. The least squares 
adjustment, as weD as digital filtering techniques and/or 
sampling, should usc models which account for: 

ItmoIpbcric: DIllS attrac:tion 
mic:nlIeismic activity 
instnllllClllal ebanictcristics 
IlIIIiIoIar attraction 
elastic and plastic rapcIIIIC of the Earth (tidalloadin&) 

Relative gravimetry is a measurement system which 
dctcnnincs the difference in magnitude of gravity between 
two stations. Relative gravity measurements arc used to 
extend and densify gravity control. 

Network Geometry 
A fust-order, class I station must possess gravimetric 

stability, which only repeated measurements can deter­
mine. This gravimetric stability should not be confused 
with the accuracy determined at a specific time. It is 
possible for a value to be determined very prcciscly at two 
different dates, and for the values at each of these respec­
tive dates to differ. Although the ultimate stability of a 
point cannot be determined by a single observation ses­
sion, an attempt should be made to sclcct sites which arc 
believed to be tectonically stable. 

The classification of first-oroer, class I is reserved for 
network points that have demonstrated long-term sta­
bility. To ensure this stability, the point sbould be reobscrved 
at least twice during the year of establishment and thcro­
after at sufficient intervals. The long-term drift should 
indicate that the value will not change by more than the 
20 I&Gal for at lcast S years. A point intended as fU'St«der, 
class I will initially be classified as fust-order, class II 
until stability during the fust year is demonstrated. 

The new survey is required to tie at least two network 
points, which should have an order (and class) equivalent 
to or better than the intended order (and class) of the new 
survey. This is required to check the validity of existing 
network points as weD as to ensure instrument calibration. 
Users are encouraged to exceed this minimal require­
ment. However, if one of the network stations is a fust­
order, class I mark, then that station alone can satisfy the 
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minimum connectina requirement if the intended order of 
the new survey is less than fU'St-ordcr. 

IDItruaatatiaa 
Regardless of the type of a relative gravimeter, the 

internal error is of primary concern. 

Or., Fin' Finr S«OIIII Third 
elMS I II 

Minimum inItnunent imemaI 
error (1IIIHip1a), (j&OaI) •••.•.••.••••. 10 10 20 30 

The instrument's internal accuracy may be determined 
by performing a ~tive survey over a calibration line (sec 
below) and cu.mining the standard deviation of a single 
reading. This determination should be performed after 
the instrument is calibrated using the latest calibration 
information. Thus the internal error is the measure of 
instrument uncertainty after all possible systematic error 
sources have been eliminated by calibration, 

Cdlntiaa Proeeduns 
An instrument should be properly calibrated before a 

geodetic survey is performed. The most important cali­
bration item is the determination of the mathematical 
model that relates dial units, voltage, or some other 
observable to milligals. This may consist only of a scale 
factor. In' other cases the model may demonstrate non1in­
. earity or periodicity. Most manufacturers provide tables 
or scale factors with each instrument. Care must be taken 
to ensure the validity of these data over time. 

When pcrl'cxmina fU'St~ work, this calibratiCll model 
should be determined by a combination of bench tests and 
flCld measurements. The bench tests arc spccifJCCI by the 
manufacturer. A field calibration should be performed 
over existing control points of fJllt-order, class I or II, 
The entire usable gravimeter range interval should be 
sampled to ensure an uncertainty rl_ than 5 I&GaL FGCC 
member agencies have established calibration lines for 
this specific purpose. 

The I'CSJlOIIIC of an instrument to air pressure and tem­
perature sbould be detcnnined. 1bc meter sbould be adjusted 
or calibrated for various pressures and temperatures so 
that the allowable uncertainty from these sources docs not 
exceed the values in the table below, 

The manufacturer's recommendations should be fol­
lowed to ensure that all internal criteria, such as galva­
nometer sensitivity, long and cross level or tilt sensitivity, 
and rcadina line, arc within the manufacturcfs aUowable 
tolerances. 

The response of an instrument due to local orientation 
should alIo be determined. Systematic diff'erenccs may be 
due to an instrument'. sensitivity to local magnetic varia­
tions. ManufaCturers attempt to limit or negate such a 
response. However, if a meter displays a variation with 
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respect to orientation, then one must either have the 
instrument repaired by the manufacturer. or minimize 
the effect by fixing the orientation of the instrument 
throughout a survey. 

Order 
CIIISS 

First First Stcond Third 
I II 

Necessary for user to de~nnine 
calibration model........ .................. Yes Yes 

Allowable uncertainty of 
calibration model (pGal) ............ .. 

Allowable uncertainty due to 
external air temperature 
changes (pGal) ............................ .. 

Maximum uncertainty due to 
external air pressure 
chanlCS (pGaI) ............................. . 

Allowable uncertainty due to 
other factors (pGal) .................... .. 

Field Procedures 

Yes No 

10 15 

2 

A relative gravity survey is pcrfonned using a sequence 
of measurements known as a loop sequence. There are 
three common types: ladder. modified ladder, and line. 

The ladder sequence begins and ends at the same net­
work point. with the survey points being observed twice 
during the sequence: once in forward running and once in 
backward running. Of course. more than one network 
point may be present in a ladder sequence. 

Order First First Second 
CllISs I 11 

Minimum number of instruments 
used in survey ............................... 2 

Recommended number of 
instruments used in survey ............ 3 2 

Allowable loop sequence ................... a a a,b 
Minimum number of readings at 

each observation/instrument ......... 5 2t 
Standard deviation of consecutive 

readings (unclampcd) from 
mean· not to exceed (pGal) ......... 2 2 

Monitor external temperature and 
air pressure ................................... Yes Yes No 

Standard deviation of temperature 
measurements (' C) ...................... 0.1 0.1 

Standard deviation of air pressure 
measurement (mbar) .................... 

Standard deviation of height of 
instrument aboye point (mm) ........ 

(a-laddcr) (b-modilicd ladder) «-line) 
t Although two RIdings an: ~uin:d, only one n:adina need be n:cordcd. 
• ann:ctcd for lunisolar attraction. 

Third 

a,b,c 

No 

10 

The modified ladder sequence also begins and ends at 
the same network point. However, not all the survey points 
are observed twice during the sequence. Again, more than 
one network point may be observed in the sequence. 

The line sequence begins at a network point and ends at 
a different network point A survey point in a line sequence is 
usually observed only once. 

One should always monitor the internal temperature of 
the instrument to ensure it docs not fluctuate beyond the 
manufacturer's recommended limits. The time of each 
reading should be recorded to the nearest minute. 

Order 

Rejection UmiCs 
Maximum standard error of a 

lravity value (pGal) .................... .. 
Total allowable instrument 

uncertainty (pGaI) ...................... .. 

Model Uncet1ain1ies 
Uncertainty of atmospheric mass 

model (pGal) ............................... . 
Uncertainty of lunisolar 

attraction (pGal) .......................... . 
Uncertainty of Eanh elastic and 

plastic response to tidal 
loading (pGal) .............................. . 

First 
I 

20 

10 

0.5 

First Stcond Third 
11 

20 SO 100 

10 20 30 

0.5 

5 

A least squares adjustment, constrained by the network 
configuration and precision of established gravity con­
trol, will be checked for blunders by examining the nor­
malized residuals. The observation weights will be checked 
by inspecting the postadjustment estimate of the variance 
of unit weight. Gravity standard errors computed by error 
propagation in a correctly weighted least squares adjust­
ment will indicate the provisional accuracy classification. 
A survey variance factor ratio will be computed to check 
for systematic error. The least squares adjustment will 
usc models which account for: 

instrumtfll calibrarians 
I) conversion factors 
2) thermal response 
3) atmospheric pressure response 

instrumtfll drift 
I) static 
2) dynamic 

atmospheric mllSs al/raetion 

ElUlh tides 
I) lunisolar attraction 

(linear and bi8hcr order) 
(if necessary) 
(if necessary) 

(if necessary) 

2) Earth elastic and plastic respne (if nea:ssary) 



4. Information 

Geodetic control data and cartographic information 
that pertain to the National Geodetic Control Networks 
are widely distributed by a component of the National 
Gecdetic Survey, the National Geodetic Information Branch 
(NGIB). Users of this infonnation include Federal, State, 
and local agencies, universities, private companies, and 
individuals. Data are furnished in response to individual 
orders, or by an automatic mailing service (the mecha· 
nism whereby users who maintain active geodetic files 
automatically receive newly published data for specified 
areas). Electronic retrieval of data can be carried out 
directly from the NGS data base by a user. 

Geodetic control data for the national networks are 
primarily published as standard quadrangles of 30' in 
latitude by 30' in longitude. However, in congested areas, 
the standard quadrangles are 15' in latitude by IS' in 
longitude. In most areas of Alaska. because of the sparse· 
ness of control, quadrangle units are l' in latitude by l' 
in longitude. Data are now available in these fonnats for 
all horizontal control and approximately 6S percent of the 
vertical control. The remaining 35 percent are presented 
in the old fonnats; i.e .• State leveling lines and description 
booklets. Until the old fonnat data have been converted to 
the standard quadrangle formats. the vertical control 
data in the unconverted areas will be available only by 
complete county coverage. Field data and recently adjusted 
projects with data in manuscript form are available from 
NGS upon special request. The National Geodetic Con· 
trol Networks are canographically depicted on approxi· 
mately 8S0 different control diagrams. NGS provides 
other related geodetic information: e.g., geoid heights, 
deflections of the venical, calibration base lines, gravity 
values, astronomic positions, horizontal and vertical data 
for crustal movement studies, satellite-derived positions. 
UTM coordinates, computer programs, geodetic calcula· 
tor programs. and reference materials from the NGS data 
bases. 

The NGIB receives data from all NOAA geodetic field 
operations and mark·recovery programs. In addition, other 
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Federal, State, and local governments, and private 
organizations contribute survey data from their field 
operations. These are incorporated into the NGS data 
base. NOAA has entered into formal agreements with 
several Federal and State Government agencies whereby 
NGIB publishes, maintains, and distributes geodetic data 
received from these organizations, Guidelines and for· 
mats have been established to standardize the data for 
processing and inclusion into the NGS data base. These 
formats are available to organizations interested in 
puticipating in the transfer of their flies to NOAA (appendix 
C). 

Upon completion of the geodetic data base manage· 
ment system, infonnation generated from the data base 
will be automatically revised. A new data output fonnat is 
being designed for both horizontal and vertical published 
control information. These formats, which were necessi· 
tated by the requirements of the new adjustments of the 
horizontal and vertical geodetic networks, will be more 
comprehensive than the present versions. 

New micropublishing techniques are being introduced 
in the form of computer·generated microforms. Some 
geodetic data are available on magnetic tape, microftlm, 
and microfiche. These services will be expanded as the 
automation system is fully implemented. Charges for digital 
data are determined on the basis of the individual requests, 
and reflect processing time. materials. and postage. The 
booklets Publications of the National Geodetic Survey 
and Products and Services of the National Geodetic Sur­
vey are available from NGIB. 

For additional information. write: 
Chief. National Geodetic Information 

Branch. N/CGI? 
National Oceanic and Atmospheric Administration 
Rockville, MD 20852 

To order by telephone: 
data: ....................................................... 301-443-8631 
pUblications: ............................................ 30 1-443·8316 
computer programs or digital data: ......... 301-443-8623 
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APPENDIX A 

Governmental Authority 

A.l Authority 

The us. Department of Commerce's National Oceanic 
and Atmospheric Administration (NOAA) is responsible 
for establishing and maintaining the basic national hori­
zontal, vertical, and gravity geodetic control networks to 
meet the needs of the Nation. Within NOAA this task is 
assigned to the National Geodetic Survey, a Division of 
the Office of Charting and Geodetic Services within the 
National Ocean Service. This responsibility has evolved 
from legislation dating back to the Act of February 10, 
1807 (2 Stat. 413, which created the fU"St scientific Fed­
eral agency, known as the "Survey of the Coast." Current 
authority is contained in United States Code, Title 33, 
USC 883a, as amended, and specifically defmcd by Execu­
tive Directive, Bureau of the Budget (now the Office of 
Management and Budget) Circular No. A-16, Revised 
(Bureau of the Budget 1967). 

To coordinate national mapping, charting, and survey­
ing activities, the Board of Surveys and Maps of the 
Federal Government was formed December 30, 1919, by 
Executive Order No. 3206. "Specifications for Horizon­
tal and Vertical Control" were agreed upon by Federal 
surveying and mapping agencies and approved by the 
Board on May 9, 1931 When the Board was abolished 
March 10, 1942, its functions were transferred to the 
Bureau of the Budget, now the Office of Management and 
Budget, by Executive Order No. 9094. The basic survey 
specifications continued in effect. Bureau of the Budget 
Circular No. A-16, published January 16, 1953, and 
revised May 6, 1967 (Bureau of the Budget 1967), pr0-

vides for the coordination of Federal surveying and ma~ 
ping activities. "Classification and Standards of Accura­
cy of Geodetic Control Surveys," published March 1, 
1957, replaced the 1933 specifications. Exhibit C to Cir­
cular A-16, dated October 10, 1958 (Bureau of the Bud­
get 1958), established procedures for the required coordi­
nation of Federal geodetic and control surveys performed 
in accordance with the Bureau of the Budget classifica­
tions and standards. 

The Federal Geodetic Control Committee (FGCC) was 
chartered December 11, 1968, and a Federal Coordinator 
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for Geodetic Control and Related Surveys was appointed 
April 4, 1969. The FGCC Circular No.1, "Exchange of 
Information," dated October 16, 1972, prescribes report­
ing procedures for the committee (vice Exhibit C of Cir­
cular A-16) (Federal Gcalctic Control Committee 1972). 

The Federal Coordinator for Geodetic Control and Relat­
ed Surveys. Department of Commerce, is responsible for 
coordinating. plaMing, and executing national geodetic 
control surveys and related survey activities of Federal 
agencies, fmanced in whole or in part by Federal funds. 
The Executive Directive (Bureau of the Budget 1967: p. 
2) states: 

(1) The geodetic control needs of Government agen­
cies and the public at large are met in the most 
expeditious and economical manner possible with 
available resources; and 

(2) all surveying activities fmanced in whole or in part 
by Federal funds contribute to the National Net­
works of Geodetic Control when it is practicable 
and economical to do so. 

The Federal Geodetic Control Committee assists and 
advises the Federal Coordinator for Geodetic Control and 
Related Surveys. 
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Bureau of the Budget, 1967: Coordination of surveying 
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APPENDIXB 

Variance Factor Estimation 

D.l Introduction 

The classification accuracies for the National Geodetic 
Control Networks measure how well a survey can provide 
position, elevation, and gravity. (More specifically, a dis­
tance accuracy is used for horizontal networks, and an 
elevation difference accuracy is used for vertical networks.) 
The interpretation of what is meant by "how well" con­
tains two parts. A survey must be precise, i.e., fairly free 
of random error; it must also be accurate, i.e., relatively 
free of systematic error. This leads to a natural question of 
how to test for random and systematic error. 

Testing for random error is an extremely broad subject, 
and is not examined here. It is assumed that the standard 
deviation of distance, elevation difference, or gravity pro­
vides an adequate basis to describe the amount of random 
error in a survey. Further, it is assumed that the selection 
of the worst instance of the classification accuracy com­
puted at all points (or between all pairs of points) provides 
a satisfactory means of classifying a new survey. This 
procedure may seem harsh, but it allows the user of 
geodetic control to rely better upon a minimum quality of 
survey work. The nominal quality of a survey could be 
much higher. 

Consider the method of observation equations (see 
Mikhail (1976) for a general discussion): 

where 
L. is a vector of computed values for the observations of 
dimension n, 
X. is a vector of coordinate and model parameters of 
dimension u, and 
F is a vector of functions that describes the observations 
in terms of the parameters. 

The design matrix, A, is dermed as 

A =--.!EJ 
ax:l X. "" Xo 

where A is a matrix of differential changes in the observation 
model F with respect to the parameters, X.' evaluated at a 
particular set of parameter values, Xo' A vector of 
observation misclosures is 

where L.. is the vector of actual observations and L. is the 
vector described above. 

Associated with the obserVation vector L.. is a symmet­
ric variance-covariance matrix l:L ' which contains infor­

b 
mation on observation precision and correlation. 

The observation equation may now be written in linear­
ized fonn 

where V is a vector of residual errors and X is a vector of 
corrections to the parameter vector x.. The least squares 
estimate of X is 

X - (A1(~)'IA)" A~.,)"'L 

where the superscripts I and ~ denote transpose and inverse 
(of a matrix) respectively. 

The estimate provides a new set of values for the 
parameters by 

If the observation model F(X.) is nonlinear (that is, A is 
not constant for any set of X.), then the entire process, 
starting with the fJtSt equation, must be iterated until the 
vector X reaches a statiolwy point. 

Once convergence is achieved, La' computed from the 
fust equation, is the vector of adjusted observations. The 
vector of observation residual errors, V, is 

Estimates of parameter precision and correlations are 
given by the adjusted parameter variance-covariance 
matrix,l:x computed by 

a 

l:x. - (A~)·'A)~. 

The precision of any other quantity that can be derived 
from the parameters may also be computed. Suppose one 
wishes to compute a vector of quantities, S, 



s == S(X.) 

from the adjusted parameters. X •. A geometry matrix. G. 
is defined as 

G = as I 
ax.1 X.", Xo 

where G is a matrix of differential changes in the func­
tions. S. with respect to the parameters. XI' evaluated at a 
panicular set of parameter values. Xa. By the principle of 
linear error propagation. 

or 

where Is is the variance~variance matrix of the com­
puted quantities. 

This last equation is important since its terms are vari­
ances and covariances such as those for distance or height 
difference. Use of this equation assumes that the model is 
not too nonlinear, that the parameter vector X. has been 
adequately estimated by the method of least squares, that 
the design matrix A, the geometry matrix G, and the 
variance-covariance matrix of the observations IL are 
known. This last assumption is the focal point fo~ the 
remainder of this appendix. 

We must somehow estimate the n (n + 1)/2 elements 
of I L• Usually, we know ~ subject to some global vari­
ance factor, f. We would then assume that 

where 
IL == the "true" varian~variance matrix of the ob­

servations 
Ii. == initial estimate of variance-covariance matrix of 

the observations 

Our assumption about the the structure of I~ relative 
to a single factor usuaUy suffices. But this assumption can 
be improved if we generalize the idea. Consider a partition of 
the observations into k homogeneous groups. We now 
estimate k different local variance factors 

As will be discussed later, we may also detect systematic 
error if one of the variance components is based on certi­
fied network observations. 
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B.1 Global Variance Factor Estimation (It - 1) 

The global variance factor, f, is simply the a posteriori 
variance of unit weight, 1102, when given an a priori vari­
ance of unit weight, (102, equal to 1. 

It can be shown that 

(Mikhail 1976: p. 287) 

For a single variance factor 

so that 

!~(VI(~~>-IV) = n - u 
f 

or for f to be unbiased (Hamilton 1964, p. 130) 

. E(V'(~V-IV) V'(:~:V-IV 
f= =~~--

n-u n-u 

Th· . 'd . I th ~ - , VlpV h P' IS IS I en~ca to e orm (Jo =;-::u. w ere IS 

dermed as (Jii(~V-' 

Since we are given that (102 = I, then P ... (:tt tl. Then f 
- ;'02, as we wished to prove. 

The derivation assumes that there is no bias in the 
residuals (Mikhail 1976), i.e., 

E(V) ... O. 

However, outliers, as well as systematic errors, can 
produce a biased global variance factor. We must be 
satisfied that the observations contain no blunders, and 
that our mathematical model is satisfactory in order to 
use the global variance factor. 

Particular types of systematic errors--gIobal scale or 
orientation ~ not detectable in a survey adjust­
ment. They will not bias the residuals and will not influ­
ence the global variance factor. For example, to detect a 
global scale error, it must be transformed into a local 
scale error by addition of more data or measurements that 
can discriminate between global and local. 

B.3 I..ocal Variance Factor Estination (k - 2,3,...) 

Let us separate our observations into k homogeneous 
groupl, and assume that we know the varian<:e-covar 
matrices of all k groups, ti.., subject to k local variance 
factors, fi. Then I 
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A variety of methods has been p!'OIl(ECd that can be used 
to estimate local variance factors. Among them are MIn­
imum Nann Quadratic Unbiased Estimation (MlNQUE) 
(Rao 1971), Iterated MInimum Nann Quadratic Estimation 
(lMINQE) (Rao 1972), Almost Unbiased Estimation 
(AUE) (Hom et aI. 1975), and Iterated Almost Unbiased 
Estimation (lAUE) (Lucas 1984). Underlying these methods 
is the assumption that there is no bias in any group of 
residuals; that is 

This assumption can be turned to our advantage in the 
detection of local systematic error. 

Consider the partition of observations into a network 
group, subscript N, and a survey group, subscript s (k ..., 
2). Then 

For an adjustment of the network only, we may estimate 

~~ = f~}:~ 

and for an adjustment of the survey only, we may estimate 

~~ = f~}:~ 

where f's is the global variance factor of the survey 
observations computed by a least squares adjustment free 
of outliers and known systematic errors. 

With perfect information and an unbiased model we 
compute fN == f'N and fs .. f's. On the other band, if 
our model is biased, this may not be the case. In other 
words, we have a linkage between systematic error and 
consistent estimation of local variance factors. 

Now assume that our network observations are certi­
fied as having no systematic error, and that we have 
perfect knowledge of their weights. Then f'N - 1 and ~ 
== I~. In the absence of residual bias in the survey, we 
should compute fN == 1 and fs - f·s. In fact, we could 
impose a constraint on the computation, fN "" I, to ensure 
this result. A survey systematic error could then manifest 
itself as an increase in fs over f's. 

There is no guarantee that systematic error in a survey 
will increase fs over f s. For example, a survey may be 
COMected to the network at only one control point. A scale 
error local to the survey would remain undetectable with 
combined variance factor estimation. With a second c0n­

nection to the network, the survey scale error will begin to 
be detectable. As the survey is more closely COMected to 
the network, the capability to detect a survey scale error 
becomes much better. We sec that systematic error in a 
survey that is well-COMected to a certified geodetic net-

work can be discovered by local variance factor esti­
mation. Of course a systematic error, such as a scale 
factor influencing both the network and the survey, would 
continue to remain hidden. 

B.4 Iterated Almost Unbiased Estimation 
(lAUE) 

The lAUE method (Lucas 1984) can be used to esti­
mate covariance elements as well as the variance ele­
ments of It. However, in testing for systematic error we 
are concerned only with the survey and the network vari­
ance factors (k .. 2). 

As suggested by the title, the method is iterative. We 
start with the initial values 

~ and }:~. with ~ set to 1 . 

Let 

~) 

We now iterate from i .. 0 to convergence 

1) Perform least squares adjustment for 

X = (A'PLA)-I A'PLL . 

2) ~ls' = (Pk)-' - As(A'PLA)-1 Ak 

3) fi+ I _ (VS)lpis Vs 
5 -

tr(~~sps) 

where tr is the trace function. 

We test for convergence by 

fi+1 - fi 
_5_._5<E 

fs 

where E is a preset quantity > O. The local survey variance 
factor is 

m 



where m is the number of iterations to convergence. We 
can then compute a survey variance factor ratio, 

Computer simulations have shown that when the sur· 
vey variance factor ratio exceeds 1.5, then the survey 
contains systematic error. This rule becomes less reliable 
when a survey is minimaUy connected to a network. 

We note that for k .. I, the third step of the method 
yields 

fi+' = (V'PV)' . 
n-u 

It is immediately recognized as the a posteriori esti· 
mate of the variance of unit weight. In this special case, 
lAUE convergence is correct, immediate, and unbiased. 

The lAUE method is particularly attractive from a 
computational point of view. If ~ is diagonal, or nearly 
so, then the requisite elements of ~ may be computed 
from elements of Ix that lie completely within the profile 
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of the normal equations. Thus, the usual apparatus of 
sparse least squares adjustments can be ~. 
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APPENDIXC 
Procedures for Submitting Data to the National Geodetic Survey 

The National Geodetic Survey (NOS) has determined 
that the value to the national network of geodetic obser­
vations performed by other Federal, State, and local 
organimtions compel1Slltcs for the casts of analyzin& adjust­
ing, and publishing the associated data. Consequently, a 
procedure has been established for data from horizontal, 
vertical, and gravity control surveys to be submitted to 
NOS. Pmans submitting data must adhere· to the ~ 
mcnts stated herein, but in any event, the (mal decision of 
acceptance on data will be the responsibility of the Chief, 
NOS. 

The survey data must be submitted in the format spcci­
(!Cd in the Federal Geodetic Control Committee (FGCC) 
publication, Input Formats and Specifications of the 
National Geodetic Survey Data Base, which describes 
the procedures for submission of data for adjustment and 
assimilation into the National Geodetic Survey data base. 
Volume I (Horizontal control data), volume II (Vertical 
control data) or volume III (Gravity control data) may be 
purchased from: 

National Geodetic Information Branch (N/CGI7x2) 
National Oceanic and Atmospheric AdmiDistration 
Rockville, MD 20852 

Horizontal control surveys must be accomplished to at 
1cast third«dcr, class I standards and tied to the Natiana1 
Oeodetic Horizontal Network. Vertical control surveys 
must be accomplished in accordance with third-ordcr or 
bigher standards and tied to the National Geodetic Vcrti-

cal Network. Gravity control surveys must be accom­
plished to at least sccond«dcr standards and tied to the 
National Geodetic Oravity Network. Third-order gravi­
ty surveys ("detail" surveys) will be accepted by NGS for 
inclusion into the NGS Gravity Working Files only in 
aCCOldancc with the above mentioned FGCC publication. 
A clear and accurate station description should be pr0-

vided for all control points. 
The oriainal rtcld records (or acceptable CXIpics), including 

sketches, record books, and project reports, arc required. 
NOS will retain these records in the National Arcbives. 
This is necessary if questions arise conccming the surveys 
on which the adjusted data are based. In lieu of the 
qinal notes, high quality photo copies and microfilm arc 
acceptable. The material in the original field books or 
sheets are needed, not the abstracts or intermediate 
computations. 

Rcconnaissanclc rqxxts should be submitted before begin­
ning the field measurements, describing proposed con­
nections to the national network, the instrumentation, 
and the (lCld procedures to be used. 'Ibis will enable NOS 
to CCI11DIalt on the propaacd SUMy, drawing on the informa­
tion available in the NOS data base conc:cming the accu­
racy and condition of these points, and to dctcnninc if the 
proposed survey can meet its anticipated accuracy. This 
project review saves the submitting agency the expense of 
placing data that would fail to meet accuracy criteria into 
computcr-readab1c form. 



Index 

Abney level, 517 
Accelerometer, 303 
Acquiescence, 685 
ACSM/ AL TA Minimum Standard Detail Requirements 

for Land Title Surveys, 565 
ACSM Technical Standards for Property Surveys, 565 
Adjustment of instruments (see Instrument adjustments) 
Admissions, 861-62 (see also Evidence) 
Adverse possession, 683 
Aerial Photography, 486 (see also Photogrammetry) 
Angle measurement: 

azimuths, 81-83 
bearings, relationship with, 84 
accuracy, arc seconds, 338 

bearings, 81 
compass, 90 
construction survey, 579 
distance, relationship with, 85-87 
elevation by vertical angles, 116 
horizontal, 83 

directional instruments, 108-9 
angle layout, III 

instruments 
theodolite, 83, 103-7 
transit, 83, 87-90, 93-95, 102-3 

units of, 80 
verniers, 91-93 
with transit, 95-102 
Zenith, 109-10 

Area of traverse, 36, 166-78 
coordinate method, 169-70 
DMD,167-68 
planimeter, 170-72 

Astronomy, field, 414 
Azimuth, determination, 416-24 

Altitude method, 420-21 
hour angle method, 417-20 
polaris observations, hour angle, 429 
sun observations, 424-29 

celestial sphere, 414 
definitions related to, 414-16 

Automatic level, 147-48 
Azimuth determination: 

celestial body, azimuth of 
altitude method, 420-21 
hour angle method, 417-20 

grid,468 
polaris, hour angle, 428-32 
sun observations, by 

altitude method, 427-29 
hour angle, 421-27 

Bench mark, 114 
Bipod-tripod, 367, 368 
Boundary surveys, 670 

boundaries, types of, 670 
creating easements, 681-82 
easements and reversions, 680 
evidence to locate, 672 

analysis, 673 
collection of, 672 
perpetuation of, 674 

judicial notice, 674 
land 

estates, 670 
ownership, 670 
title transfer, 670 

land description interpretation 
adjoiners, 678 
conflicting elements, 674-79 
entire instrument, 676 
four corners, 676 
intentions of the parties, 676 
meaning and intending, 677 
references, 676 
rejection, 677 
rules of construction, 675 
rules of survey, 678 

961 
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Boundary surveys (Cont.) 
land description interpretation (Cont.) 

sufficiency, 675 
presumptions, 674, 679, 680 
reversion, 682 
terminating easements, 682 

Bureau of Land Management, 928 
Cadastral overlay, 890-92 
Cadastral Survey, BLM, 928 
Cadastre, multipurpose, 883-84 
Central meridian, 463 
Clairaut's Constant, 286 
Classification (see Specifications, classification, standards) 
Clinometer, 517 
Color of title, 683 
Columbus, Christopher, 510 
Compass Surveying, 510 

accuracy, 526 
acreage, determining, 526 
Brunton,511 
error of closure, 526 
magnetic declination, 512 

determining, 5 I 2-13 
magnetic variation, 515- I 6 
offstting, 528-29 
open sight, 511 
secular variation, 515 
Silva, 511 

Construction surveying, 578 
bridges, 617-20 
buildings and structures, 584-85 
batter boards, 585, 586, 589 
construction location 

gravity-line, 582-83 
horizontal, 580-81 
laser beams, use of, 583, 588 
pipeline, 581, 583, 588 
vertical, 581 

costimation, 611 
cross-section, 597, 600 
culverts, 598-600 
dams, 620-22 
earthwork 

defined,600 
computational devices, 611 

highways and streets, 587 
profile levels, 595-97 
project control surveys, 578 
random control stationing, 590-91 
slope stakes, 392 

accuracy, 594 
cuts and fills, 392-93 

tunnel surveys, 611 
laser beams, 616 

vertical shaft control, alignment by 
azimuth by gyroscopic theodolite, 615-16 

volume 
aerial photographic method, 610-11 
average end area, formula, 601 
borrow-pit method, 605-6 
contour-area method, 606-7 
digital elevation models, 610-11 
prismoidal, 601, 602-5 
mass-diagram, 607-8 

Control surveys, 563 
horizontal control, 564 
NGS (National Geodetic Survey), 565 
reconnaissance, 569 
vertical control, 564 

Coordinate systems, 321, 323, 450 
orbital, 322 
plane coordinate systems, 454 
transverse mercator, 451 
(see also State Plane Coordinate Systems) 

Cross-sections, 189-90 

Datum: 
geodetic, global, 293 
geodetic, regional, 289 
mapping, 183 
parameters of geodetic, 295-96 
sea level, 461 

Deed registration, 894-96 
Degree of curve, 628 (see also Route surveying) 
Depositions, 859-61, 869-70 (see also Evidence) 
DMD method, 167-69 
Doppler positioning, 298, 325-32 

methods, 328 
receivers, 325 
theory, 325-26 

Drafting (see Survey drafting) 
Dumpy level, 124-135 

peg test, 145 
principal adjustments, 144 

Earth, curvature and refraction, 119 
Earth Science Information Office, 928 
Earthwork quantities, 129, 131 
Eccentric measurements, 248 
EDMI, 537, 544, 570, 706 (see also Linear measurements) 

external errors, 253-58 
planetable compared, 534 
refractive index, 253 
temperature measurement, 253 

Ellipsoid, 277, 291, 380, 389, 447, 461 (see also Geodesy) 
surface area, 284 
three-dimensional, 283 
two-dimensional, 280 

Engineering Map Accuracy Standards (EMAS), 501 
Engineer's level, 123 
Ephemeris, 330, 426 
Equator, 285, 310, 391 

celestial, 323 
Errors, 383 
Estoppel, 685 
Evidence: 

admissions, 842 
ancient documents, 845-46 
burden of proof, 847 
business records, 843 
official documents, 843-44 
past recollection, 844 
personal knowledge, 846-47 
presumptions, 848-49 
privileges, 850-52 
reputation, 844-45 
self interest, against, 843 



Evidence, best available, 839 
Evidence, documentary, 838 
Evidence, rules of, 837 

relevance, 837-38 
Excess and deficiency, apportionment, 685-86 
Expert categories, 870-71 (see also Evidence) 
Expert testimony, 855-58 (see also Evidence) 

Federal Geodetic Control Committee (FGCC), 931-60 
control surveys, 564, 574-76 
horizontal control, 566-68 
triangulation, 207-12 
trilateration, 239 
vertical control, 574 

Federal surveying and mapping agencies, 927-29 
Field notes, 3 

astronomic azimuth, 425, 432 
basic noteforms, 12-18 
data collectors, 7-9 
essentials, 4 
GPS, 349-50, 356,368 
hydrographic survey, 659 
importance, 3-4 
leveling, 126-27 
NOS (National Ocean Survey) forms, 222 
notekeeping, 11, 12 
roadway rough cuts, 590 
trilateration, 265-70 
triangulation, 222-28 
types. 5-10 
underground construction stakes, 584 

Geodesy: 
data transformations 290-94 
defined, 271 
geodetic inverse, 289-90 
geodetic line, 285-86 
geodetic position computation, 288-89 
geometrical, 277-90 
goals of, 271-74 
history of, 274-77 
meridian arc, 282 
parallel, length of, 284 
physical, 297 
sate iii te, 298 

Geodetic North, 464 
Geodetic position, comutation of, 288-90 
Geodetic Positioning Satellite (see GPS) 
Geodial height, 137-38, 460 
Geographic Information Systems (GIS), 880 

applications, 908-9 
Franklin County, OH, 914-17 
Prince William County, VA, 917-19 
Wyandotte, County, KS, 909-14 

geocoding, 908 
raster base, 901-4 
vector base, 904-8 

Geoid,379 
Globe, 436, 441, 445 
GPS (Navstar) positioning, 299, 332, 334 

antennas, 372, 374 
applications, 333 
computations, 335 

equipment, special, 367-71 
field operations, 352-64 
geomagnetic disturbances, 373 
kinematics, 357-58, 373 
methods, 361 
mission planning, 364 
multipath,371-72 
network 

adjustment, 377-80 
design, 337, 339-40 
dual heights, 370 

notes, 348-50 
photographs, 352 
polar plot, 351 
rapid-static, 354 
rod collimation, 371 
rob bubbles, 370 
statistics, 354 
state plane coordinates, 456-57 
traffic sensors, 372 
typical problems, 375 

Gravitation, 571, 572 
Grid combination factor, 460 
Grid North, 463 
Gyroscope, 304 

Hand Level, 121 (see also Abney level) 
Highway design profiles, 128 

profile maps, 190-91 
History of surveying: 

mineral surveying, 712-13 
public land surveys, 729-30 

Humidity, effect on trilateration, 257-58 
Hydrographic Manual, NOS, 651 
Hydrographic surveying, 651 

azimuth intersection, 660-61 
bar check, 667 
boat soundings, 654-56 
depth measurement, 664 
direct measurement, 665 
electronic range, 661-62 
field plotting sheet, 635 
field work, 653-54 
indirect measurement, 665 
positioning 

afloat, 656-57 
range azimuth, 664 
tagline, 657-58 
three-point sextant, 658-59 

range, 664 
water level 

monitoring, 666-67 
observations, 667 
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IBLA (Interior Board of Land Appeals), 719 
Inertial platform, 304-5 
Inertial positioning surveys, 300 (see Satellite positioning 

surveys) 
Information sources, 930 
Instrument adjustments: 

cross hairs, 143 
levels, 142-48 
parallax, 142 
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Instrument adjustments (ConI.) 
rod collimation, GPS, 371 
rules for, 140 
theodolites, 148, 152-54 
tilting level, 148 
tribrachs, centering, 259-60 
transits, 148-52 

Instrument supports, 260-61 
Interrogatories, 858-59 (see also Evidence) 
Islands, ownership of, 699-700 

Judicial notice, 852-54 (see also Evidence) 

Lambert Projection, 469 
Land and Geographic Systems (LIS/GIS), 880 

cadastral overlay, 890-92 
evolution, 882-86 
Geodetic reference framework, 887-90 
networks, 885-87 
system components, 881 

Land Descriptions, 811 
coordinate, 828 
independent resurveys, 823-26 
legal subdivisions, 819-23 
lot and block descriptions, 815-16 
metes and bounds, 813-14 
"of' descriptions, 816-19 
reference to 

deed,827 
map, 827-28 
plat, 827-28 

state law, 832-33 
strip, 828-31 
structure, 811 
superiority of calls, 833-34 
systems, 813 
terminology, 834-35 

Land Ownership, 670 
Land registration, systems, 894 
Latitudes and Departures, 160-61 
Laws relating to public lands, 731-32 
Least Square Adjustment, 383 

Angle observation equation, 395-97 
correlation, 411 
fundamental conditions, 384 
intersection, adjustments by, 401-5 
leveling circuit, adjustment, 390-94 
matrix 

equations for adjusted quantities, 389-90 
methods, 387-88 

normal equations, formulation of, 386-87 
observation-equation, adjustment, 385-86 
resections, adjustment by, 405 
standard error ellipse, 411-13 
traverse, adjustment by, 407-10 
triangulation, adjustment by, 401, 405-7 
trilateration, adjustment by, 397-401 

Lehmann's method, 545 
Leveling, 113-15 

adjustment of instruments, 142-48 
defined, 113 
difference in elevation, 114 
differential, 115 

direct, 114 
earth shape, considerations, 117, 118 
errors, 131-33 
geodetic, 297 
indirect, 120 
instruments, 123-25 
least square, adjustment by, 390-94 
notes, 126 
precise, 127-28, 136-37 
profile, 127 
rods, 125-26 
specifications, 133-38 
trigonometric, 116,247 
vertical control surveys, 571-72 
vials, 121-22 

Linear measurement: 
control surveys, 571 
defined, 42 
direct comparison, 42, 44-53 
electromagnetic distance, 42 

accuracy specifications, 76-77 
decade modulation, 71 -72 
eccentric measurements, 248 
environmental correction, 72-73 
index of refraction, 70 
instrumental errors, 63-64 
instruments, 67-68 
modulation, 69-70 
principles, 68 
slope correction, 64-65 
total station instruments, 77-79 
transformation to ellipsoid, 293-94 
trilateration, 238 

errors 
internal errors, 247 
random, 383 
systematic, 51, 383 

optical distance, 42 
methods, 54-65 

plan table alidades, 60 
stadia, 55-57 

corrections, 57 
reduction of, 55-58 

tacheometers, 59 
double image, 62 

tacheometry 
substense, 63 
tangential, 64 

tapes, invar (steel), 46-48 
taping 

accessories, 48-49 
procedures, 49-51 
corrections, 51-54 
units of, 42-44 

LIS, mUltipurpose, 844-85 
LIS/GIS Networks, 885-87 
Lode corner, 715, 722-23 
Lodestone, 510 
Loxodrome, 442 

Magnetic declination, 512-13 (see also Compass surveying) 
isogonic chart, 513 
magnetic station, 514 



Magnetic variation, 515-16 (see al.5o Comparss Surveying) 
Manual of Instructions for Survey of the Public Lands of 

the United States-1973, BLM, 732-34 
Manual of Leveling Computation and Adjustment-USC & 

GS,571 
Map drafting (see Survey drafting) 
Map projections: 

cone constant, 442-43 
convergence, 462 
Lambert, 469 
Mercator, 451 
meridian, 436 
parallel, 437 
projections 

azimuthal, 444 
conformal, 444-46 
equal area, 444 
equidistant, 444 
simple equidistant projections, 446-49 
surlaces, 438 

scale, 438-39 
scale factor, 439, 462 
sinusoidal, 447 
sphere, 436 
state plane coordinate systems, 450-53, 461 

Mapping angle, 463 
Mapping standards, 203 
Meade's Ranch, 460 
Measurement, angle (see Angle measurement) 
Measurement errors, 20 

accidental, 22 
distribution of, 23-25, 28 
propagation of, 33-36 

accuracy and precision defined, 21 
best value, 21 
corrections, 38-39 
EDMI external errors, 253-58 
exact values, 41 
leveling, 117-20, 131-33 
normal probability curve, 28, 31-33 
readings, 20 
significant figures, 40-41 
standard deviation, 25, 26 

meaning of, 29 
uses of, 26 
variance and standard deviation, 27 

standard error defined, 30 
standard specifications, 27, 28 
systematic, 21, 22 
variations, 22, 23 
weights, 36-38 

Measurements, linear (see also Linear measurements) 
barometric pressure, 256-57 

Meridian, 285 
Mine map, 712 
Mineral Land Surveying, Underhill, 713 
Mining map requirements, 704-5 
Mining prism, 709 
Mining Surveys, 702 

above ground, 711 
control 

horizontal, 706 
vertical, 706 

definitions of, 703 

deep mine maps, 704 
mineral survey corners, 720 
surface mine maps, 706 

Multipath, 371 (see al.5o GPS) 
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NAD 27 (North American Datum, 1927),379,455,565 
NAD 83 (North American Datum, 1983), 379, 455, 565 
National Geodetic Survey (see NGS) 
National Map Accuracy Standards (NMAS), 500 
Nautical charting, 651 
NAVD88 (North American Vertical Datum, 1988),571 
Navigable waterways: 

boundaries along, 697 
artificial processes, effect, of, 699 
natural processes, effect of, 698 
operative words, 699 

determining navigability, 695 
in-fact, 696 
statute, 696 
susceptibility, 696-97 

Federal law, 696 
public lands, 698 
State law, 696 

Navy Navigation Satellite System (NNSS), 319, 324-25 
NGS (National Geodetic Survey), 337, 467, 565, 572, 706, 

927-28 
NGVD 29 (National Geodetic Vertical Datum), 571 
NOM (National Oceanographic and Atmospheric Ad-

ministration), 512, 569, 572 
Non-Navigable waterbodies, 695 
North American Datum, 1927, 565 (see NAD 27) 
North American Datum, 1983 (see NAD 83) 
North pole, 310 
NOS (National Ocean Survey), 651 

Opinion rule, 854-55 (see al.5o Evidence) 
Optical tooling, 798 

alignment, 802 
angle of 

incidence, 799, 800 
refraction, 799 

autocollimation,800-801 
coordinate determination instruments, 806 
instrumentation, 801-2 
level, 802-4 
levelness of plate, 808 
rail, flatness of, 809 
reflection, 799 
refraction, 798 

Organizations, professonal, 1 
American Congress of Surveying and Mapping (ACSM), 

1,3 
American Society of Civil Engineering (ASCE), I, 3 

Original surveys, public lands, 729 
general rules for survey, 732 

Orthometric height, 379-80 

Practical location, 685 
Parol Agreement, 85 
PDOP (positional dilution of precision), 354 
Peregrinus,510 
Photogrammetry, 486 
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accuracy, 500-501 
aerial cameras, 489-90 
air base, 493 
altitude, 491, 493 
anaglyphic plotting, 496 
analytic bridging, 496 
conjugate principal point, 502 
digital terrain model, 503-4 
effective area of photograph, 501-2 
fiducial marks, 502 
focal length, 491 
ground control, 496-97 
Kelsh stereometric cameras, 487 
lens aberration, 490 
mapping, 488 
oblique photography, 489 
parallax bar, 502 
polarized-platen viewing (ppv), 498 
premarking, 496-97 
stereo image alternator, 498 
stereoplotting instruments, 497 
stereoscopic viewing, 502 
terrestrial, 486 
vertical exaggeration, 491 

Photo interpretation, 504 (see also Photogrammetry) 
Planetable, 533 

alidade, 535 
applications, 533 
board,536 
method,534-35 

Lehman's, 545 
resection, 544-45 
three point problem, 546-48 
two point problem, 548-49 
using a transit, 557-58 

Planimeter, 170-71 
traverse, area by, 170-71 

Plate carree, 446 
Prescriptive easements, 684 
Pretrial, 858 (see also Evidence) 
Public Land Surveys, 729 

direction measurement, 735 
distance measurement, 734 

Public lands, defined, 730 
Public trust lands, 691 

held by private persons, 694 

Reconnaissance: 
con trol surveys, 569 
GPS, 342-48 
monumcntation, 346 
photographs, 352 
recovery notes, 348 
station notes, 348 
triangulation, 217-21 
trilateration, 238, 239 

Rectangular coordinates, 162-66 
Reflectors, 258-59 
Remnant rule, 687 
Riparian rights, 695-96 
Route coordinate system, 625 
Route surveying: 

circular cure, 626 
crossection alignment, 628 
curve computation, 630-31 
curve elevation offsets, 647-48 
curve layout, 632-35 

coordinates, 633-34 
deflection angles, 632 
radial layout, 635 

degree of curve, 628 
flat curve, 629 
tight curve, 629 

geometry of spiral curve, 636-40 
horizontal alignment, 625-27 
spiral 

coordinates, 641 
curve layout, 640 
deflection angles, 641 
subchords, 641 

transition spirals, 635-36 
vertical alignment, 628 
vertical curves, 644-46 

formulas, 646 
high or low point, 648 

through a fixed point, 649-50 

Satellite positioning surveys, 301 
acceletometers, 303-4 
applications, 318-19 
data handling components, 306 
error sources, 312-13 
gyroscope, 304-5 
horizontal positions, 314 
inertial platform, 305, 309 
inertial positioning, 300-301 
orbits, 321-22 
system configuration, 303 

calibration, 309 
theory, 302 
traversing, 316-18 
vertical positions, 314 

Sea Level datum (SLD29), 461, 571 
Sea level factors, 469 
Sequential conveyancing, 686 
Simultaneous conveyancing, 686 
Slope distance, reduction to horizontal, 522 
Slope staking, 592-600 (see also Construction Surveying) 
Sovereign lands, 691 
SPC, 456 (see State Plane Coordinate Systems) 
SPCS, 456 (see State Plane Coordinate Systems) 
Specifications, classification, standards: 

construction staking, 581 
control surveys, 564 
Federal Geodetic Control Committee (FGCC), 208, 211, 

239 
NGS leveling, 133-34 
trilateration, 239-46 

Stadia constant, 542 
Stadia rods, 538, 543 
Standard error ellipse, 411-13 
Standards for surveys (see Specifications, classification, 

standards) 
State Boards of Registration for Land Survliying, 923-26 
State Coordinate Systems, SP, 235, 465 



State Plane Coordinate Systems (SPCS) (SPC), 454 
accuracy, 465 
advantages, 457-58 
arc to chord correction, 480-81 
azimuth, 471 
basic concept, 458-60 
convergence, 462 
conversion, pane and geodetic coordinates, 470 
geodetic control data, 464 
geodetic control diagram, 464 
GPS, 456 
grid factor, 462 

combined factor, 460 
Lambert projection, 472-74 
metric, 480 
precision, 465 
principal digits, 483-84 
projection tables, 464 
scale factor, 462 
SPCS 1927 (NAD 27), 455 
SPCS 1983 (NAD 83), 455 
station date sheets, 464-65 
surveys referenced to, 460 
transformation between NAD 27 and NAD 83, 478-79 
Transverse Mercator projection, 475, 476-77 
traverse, 467 
UTM-UPSS System, 482-83 

Striding level, 541 
Submerged lands, 693 
Survey drafting: 

automated, 202 
boundary maps, 192 
contours, 185-86, 188, 189 
datum, mapping, 182 
machine, 183-84 
map, information to be shown, 193-98 
materials, 200, 201 
plotting, 183, 185 
scale, 181 
site plans, 191 
symbols, map, 198, 200 
topographic maps, 182 

Surveying, Egyptian, 2 
Surveying, profession of, 2 
Surveyor as expert witness, 871-79 
Swamp and overflowed lands, 693-94 

Tacheometry, 559 
Three point problem, 546-48 (see also Planetable) 
Tidelands, 693 
Tilting Level, 148-49 
Title registration, 896-900 

surveyor's role, 900-901 
Topographic maps, 183 
Traverse: 

analyzing, 172-78 

angle misclosire, 159-60 
balancing, 159-62 
field measurements, 158-59 
inertial survey, 315-17 
least square adjustment by, 407-10 
state plane coordinate system, 467 
underground, 708-9 

Triangulation: 
baselines, 216-17 
classifications and standards, 207-12 
FGCC standards, 207-12 
geodetic, 205-7 
least square, adjustment by, 401-7 
observations, 222-28 
planning for, 212-13 
reconnaissance, 217-21 
station descriptions, 218 
station marks, recovery, 219 
strength of figure, 213-16 
trilateration, compared with, 235 

Tribrachs, 259-60, 367 
Trilateration: 

adjustments, 265 
advantages of, 234-35 
braced quadrilaterals, 236 
disadvantages of, 235 
field operations, 255 
humidity, effect of, 257 
least square, adjustment by, 397-401 
network design, 238 
targets, 262-65 
temperature measurement, 253 
triangulation, comparison with, 235 
uses of, 234 
Zenith angle observations, 246-47 

Tripods, 367 

Index 967 

Two point problem, 547-49 (see also Plane table) 

U.S. Geological Survey, 927-28 
Underground surveying, 707 

leveling, 71 0 
patenting 

intent, 714 
locations, 717 
retracing, 716-17 

traversing, 708-10 
USMM (U.S. Mineral Monument), 715 
UTM-UPSS, 454, 483-84 

Vernier, 91-3, 518 
adjustments, 146-47 

Washington, George, 510 
Waterway boundary location, 691 

Wye level, 146 



1 millimeter (mm) 
1 centimeter (cm) 
1 meter (m) 

·1 m 
1 kilometer (km) 
1 km 

·1 inch (in.) 
·1 foot (ft) 

1 sq. mm (mmZ) 

1 mZ 

1 kmz 

1 hectare 
1 m3 

1 liter 

1 gram (g) 

1 kilogram (kg) 

1 ton 

1 m/sec 
1 km/hr 

1 kg/m3 

1 ton/m3 

METRIC CONVERSION 

= 1000 micrometers (ILm) or microns (IL) 
=IOmm 
= l00cm 
= 3.2808 ft = ·39.37 in. (U.S. survey foot) 
=1000 m 
= 0.62137 miles 

= 25.400 mm} 
= 304.80 mm U.S. standard foot 

= 0.00155 in. Z 

= 10.76 1"tZ 
= 247.1 acres 
= 2.471 acres 
= 35.3 ft3 
= 0.264 U.S. gal 

=0.0350z 
=2.20Ib 
= 907 kg = 2.00 kips 

= 3.28 ft/sec 
= 0.911 ft/sec = 0.621 mph 

= 0.0624 Ib/ft3 

= 0.0328 Ib/in. 3 

• Denotes exact value. All others correct to figures shown. 

SOME IMPORTANT NUMBERS IN SURVEYING 

0.000 000 1 (or 2) 
0.000 004 848 
0.00000645 
0.000290 89 

{0.017 452 41 sin 
0.01745506 tan 

0.574 
0.6745 

·1 in. 
·1 ft 

= coefficient of expansion, Invar tape, per 1°F 
= sin I'" = tan I" 
= coefficient of expansion, steel tape, per I OF 
= approx. sin I' = tan I' (0.000 29 or 0.000 3 convenient) 

= approx. sin 1° = tan 1°= about 0.01 J,4 = radians in 1° 

= coefficient of combined curvature and refraction (ftl miles2) 

= coefficient for 50% standard deviation (i.e., probable error) 
= 0.0254 m (U.S. standard foot, 1959) 
= 0.3048 m (U.S. standard foot, 1959) 

• Denotes exact value. All others correct to figVres shown. 



1.15 miles 

1.6449 

3.l41 592 654 

*6 miles 

*10 sq. chains (ch2) 

*15° longitude 
15°F 

*16 Y2 ft 
*20°C 

23°26'h' 
23 h56m04.091' 

*24 hr 
*25.4 mm 
*36 
*50 

57"17'44.8" 
*66 ft 
69.l miles 

*80 ch 

100 
101 ft 

300 

333 Y3 
*400 grads 
*480 ch 

4901b/fe 
*640 acres 
6076.10 ft 

*3600/3937 
4,046.9 m 2 

*6400 mils 
5,729.577 951 ft 
5,729.650686 ft 
10,000 km 

*43,560 ftl 
206,264.806 25 sec 

299,792.5 km/sec 
1,650,763.73 
6,356,583.8 m 
6,378,206.4 m 
20,906,000 ft 

29,000,000 Ib/in. 2 

~ 1 minute (l ') of latitude ~ 1 nautical mile 

= coefficient for 90% standard deviation 

=11' 
= length, width, of normal township 

= (Gunter's) 1 acre 

= width of one time zone = 360°/24 hr 
changes length of loo-ft steel tape by 0.01 ft 

= 1 rod = 1 pole = 1 perch = l,4 ch (Gunter's) 
= standard temperature (Celsius) in taping = 68°F 

= maximum declination of sun at solstices 
= length of sidereal day in mean solar time, and 3m55.909s 

solar time short of mean solar day; also 3m56.5555 sidereal 

time short of mean solar day 

= 360° of longitude 

= 1 in. (U.S. standard foot of 1959) 
= number of sections in normal township 
= Beaman arc reading for 0° vertical angle (30 in old arcs) 
= 1 radian (rad) = 57.295 779 51 ° 

= length of Gunter's chain = 100 links (lk) 
~ 1 ° latitude 
= (Gunter's) 1 mile 

= usual stadia ratio 

~ 1 second (1") of latitude 

~ stadia ratio in some precise levels 
~ stadia ratio in some precise levels, for yard rods 
= 360° 
= width and length of normal township 

= density of steel for tape computations 
= one normal section of 1 mile2 

= 1 nautical mile 

= ratio U.S. yd/m for old legal (1866) and surveyor's foot 
= 1 acre 
= 3600 

= radius of 1 ° curve, arc definition 
= radius of 10 curve, chord definition 
= distance from equator to pole (basis for length of meter) 
= 1 acre 
= 1 radian = cot 1 sec = 1800 /11' in sec 
= speed of light, and other electromagnetic waves, in vacuum 
= wave lengths of krypton gas in vacuum, 1960 meter length 
= earth's polar semi-axis (Clarke ellipsoid 1866) 

= earth's equatorial semi-axis (Clarke ellipsoid 1866) 
= mean radius of earth = 3960 miles 

= Young's modulus of elasticity for steel 

* Denotes exact value. All others correct to figures shown. 



ABBREVIATIONS 

CONSTRUCTION SURVEYS H &T hub and tack 
b.b. batter boards H.C. house connection sewer 
B.L. building line I.B. iron bolt (bar) 

CB. catch basin J.P. iron Pipe; iron pin (confusing) 

CG. center line of grade L~T lead and tack 
¢... center line max. maximum 

const. construction min. minimum 

C cut M.H.W. mean high water 

esmt. easement M.L.L.W. mean low low water 

F fill M.L.W. mean low water 

F.G. finish grade, Fin. Gr. Mon. monument 

F.H. fire hydrant No. number 

f., fence line P pipe; pin (confusing) 

F.L. flow line (invert) Rec. record 

F.S. finished surface St. street 

G.c. grade change Std. Surv. standard survey 

G.P. grade point Mon. monument 

G.R. grade rod (s.s. notes) Std. Trav. standard traverse 

L left (x-sect. notes) Mon. monument 

M.H. manhole 2" x 2" two- x two-inch stake 

t- property line X cross cut in stone 

P.P. power pole yd yard 

pvmt. pavement 

R right (x-sect. notes) 
RjW right-of-way 

S.D. storm drain PUBLIC LAN;)S SURVEYS 

S.G. subgrade ac acres 

S.L. spring line AMC auxiliary meander corner 

spec. speci Ikat ions bdy., bdys. boundary, boundaries 

Sq. square BT bearing tree 

s.s. slope stake, side slope CC closing corner 

Std. standard ch, chs chain, chains 

Str. Gr. straight grade cor., corso corner, corner9 

X-sect. cross-sect ion corr. correction 
dee\. declination 
dist. distance 
frae. fractional (sec .. etc.) 

PROPERTY SURVEYS Gr. Greenwich 

A area G.M. guide meridian 

C.F. curb face Ik,lks link, links 

ch "X" chiseled X cross meas. measurement 

c.1. cast iron mer. meridian 

diam. diameter mkd. marked 

Dr. drive Mi. Cor. mile corner 

ER end of return Me meander corner 

Ex. existing M.S. mineral survey 



pt. point dep. departure 
Prin. Mer. principal meridian (P.M.) dir. direct 
R, Rs range, ranges elev. elevation 
R IW range I west FB field book 
SC standard corner FS foresight 
Sec., Sees. section, sections h.a. hour angle 
SMC special meander corner h.i. height of inst. above sta. 
Stan. Par. standard parallel (S.P.) HI height of inst. above 
T, Tp, Tps township, townships datum 

T2N township 2 north hor. horizontal 

U.S.L.M. U.S. location monument IS intermediate sight 
U.S.M.M. U.S. mineral monument lat. latitude 
WC witness corner long. longitude 

obs. observer 
obsn. observation 

M ISCF.LLANEOUS orig. original 

aiL altitude red. reduction 
BM bench mark rev. reverse 

BS backsight sta. station 
Chf. chief of party stk. stake 
c.1. cast iron TBM temporary bench mark 
Con. Mon. concrete monument TP turning point 
C.S. corrugated steel temp. temperature 
delta central angle RP reference point 

SOME COMMONLY USED SURVEYING SYMBOLS 

, , 
Chiseled monument -$- Power pole ,., 

0 Concrete monument It Property line 

====CJ==:= Curb inlet (!] Stake (or hub) with tack 

• • • • Fence, chain link ___ ~q::!~·:",l!.c ___ Storm sewer (length, 
------------ size, type) 

0 0 0 0 Fence, wood w/posts 
--1-- Telephone line (buried) 

--G-- Gas line 
--T-- Telephone line 

J.. Guy wire 
(suspended) 

----------~ ---------- Headwall 
+ Telephone pole 

-w • Hydrant on water line Q Traffic signal 

0 Iron pipe -~-~-ISl- Valves on water line 

~ Power line --w-- Water line 
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