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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.

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.



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 55 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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Surveying 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.0.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.



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. Survey-
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

*(1) 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,
classifying, 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-
cluded 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 firstorder 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. Accuracy. 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 nullify 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

valuable information acquired at considerable

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 cover 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

illustrated in thig text.

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.?

In Figure 2-1, distances between hubs are
recorded between the hub letters, names, or
numbers. Measurements {0 a hub, in stations,
are placed opposite 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 righthand 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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Figure 2-1. Taping traverse courses.

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.

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 A
for instrument operator, @ for rodpersons,
and N for notekeeper.

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

instrument was employed may assist in iso-
lating and correcting certain errors. For
example, built-in errors of some electro-
magnetic distance-measuring instruments
(EDMIs) 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.

Bench-mark 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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Figure 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.

Bench-mark 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.

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 dated, 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-measuring 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 TC1 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’ SDC71@) 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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Alphanumeric Job Codes

Instrument Details

Keyboard Input of Known Position
Station Details

Atmospheric Conditions
Backsight

Observation*

Reduced Values Calculated”
Observation*

Coordinates Calculated

*Automatic SDR2 Readings

Muitiples of 60 Characters of Description
Automatic Date/Time Stamp

Northings, Eastings and Elevations
Can be in Feet or Meters

4 0 270’02'37.

Yaist -5 545
&l

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,”® was published in P.0.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 majority of surveying firms,
with a Lietz TM 1A 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-emitting diode (LED)
(b) Liquid crystal display (LCD)

9. Maintenance of Data Collector

10. Upgradability of the System

Source: Courtesy of P.O.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 traversing 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:

1. 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
is two to three times faster than a mount-on
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 builtin 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.*

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.
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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).

2-7. NOTEKEEPING POINTERS

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 waterproof pa-
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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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Surveying Field Notes, Data Collectors

When in doubt, use sketches instead of
tabulations.

Avoid crowding: It is one of the most com-
mon mistakes. If helpful, use several right-
hand pages for descriptions and sketches to
match a single left-hand page of tabula-
tions, and vice versa.

If clarity is thereby improved, exaggerate
details on sketches.

When possible, line up descriptions and

sketches with corresponding data. For ex-
ample, the beginning of a bench-mark de-
scription should be on the same line as its
elevation.

Keep tabulated figures inside and off the
column rulings with decimal points in line
vertically.

Place a zero before the decimal point for
numbers smaller than one—i.e., record
0.67 instead of just .67.

Record notes in an order that will facilitate
office computations and mapping. For ex-
ample, in stadia topography, number and
read detail points in a clockwise rotation.
Letter measurements parallel with or per-
pendicular to sketch lines so they cannot
be misunderstood. Machine-drawing type
dimension lines are rarely used in survey-
ing sketches.

Show the precision of measurements by
recording significant zeros. Enter 2.60 in-
stead of 2.6 if the reading was actually
determined to hundredths.

Do not try to change a recording error by
writing one number over another to trans-
forma3toab,ora7toal.

Record what is read. Never ‘‘fudge’ obser-
vations or closures. Surveying is an art and
science. Art can stand retouching, science
cannot.

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

To eliminate gross errors, make a mental
estimate of all measurements before receiv-
ing and recording them.

Show essential computations made in the
field so they can be checked later.

For compactness, employ conventional
symbols and abbreviations. If not standard,

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

2-8.

identify them when first used or in a special
table.

Use explanatory notes when they are perti-
nent.

Do not erase measured data—lines of a
sketch can be deleted in the field.

Run a single line through an erroneous
number and record the correct value above
or below it.

To void a page, draw diagonal lines from
opposite corners and letter VOID promi-
nently without obscuring a number or any
part of a sketch.

Letter COPY in large letters diagonally on
copied notes but keep the lettering off a
sketch or any numbers.

Run notes down the page except on route
surveys where they progress upward to
agree with sketches made while looking in
the forward direction.

Review the notes, make all possible arith-
metic checks, compute closures and error
ratios, and record them before leaving the
field. On large projects employing several
parties, satisfactory closures indicate com-
pleted work and facilitate assignments for
the next day.

Place a north arrow at and pointing to the
top or left side of every page if possible
since notes and drawings are read from the
bottom or right side. A meridian arrow
must be shown.

Title and index each project. Cross-
reference every new job or continuation of
a previous one by the client’s organization,
property owner, and description.

On all original notes, sign surname and
initials in the lower right corner of the
right-hand page. This is equivalent to sign-
ing a check and accepting responsibility
for it.

ADDITIONAL BASIC
NOTEFORMS

Additional noteforms covering basic and more
advanced surveying operations are illustrated
in Figures 2-5 through 2-16 (pp. 13-18) and in
later chapters. They can serve as examples on
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Figure 2-5. Differential leveling, three-wire.
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Figure 2-6. Reciprocal leveling.
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which more complicated and special survey tions are included in pertinent chapters. All
forms are built, with individual preferences figures in this chapter except 2-3 and 24 are
exercised. Preprinted and more advanced excerpted from Noteforms for Surveying Measure-
types used by various agencies and organiza- ments.
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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,

20

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

6.2763
6.2757
6.2761
6.2760
6.2761
6.2758
6.2760
6.2764
6.2759
6.2760

Mean = 6.27603

S © WO ID TR N =

-
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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

Accuracy 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 100-ft steel tape standard at
68°F will be shorter when used at 28°F by an
amount

E, = kL At = (0.00000645)(100.000)(68 — 28)

= 0.0258 ft
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When used to lay out a 560t 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

E, = (0.00000645)(346.842)
X (68 — 28) = 0.0895 ft

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

Example 32. A reading on a distant level rod
is affected by earth curvature and atmos-
pheric refraction Eg, = 0.574 ft (M?),
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)* = 6.352
ft.

Example 33. If a velocity meter or pressure
gauge is 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 34. 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 36. In using electronic distance-
measuring instruments (EDMIs), 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

100—

50—

Frequency
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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:

1

»= V7)o

The plot of this is called the normal distribution
curve; 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 x;, and the measure-
ment’s mean is shown with its variation v;. The
average error, while unknown, is shown as

Lo (xmw)? /207 (31)

Figure 3-2. Histogram with su-
perimposed frequency distribution

curve.
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Frequency

Figure 3-3. Normal distribution curve. Values of measurement

Lx/n. Although surveyors and engineers can and also
never equate a variation from the mean v;
with an error x;, the pattern of occurrence of

errors (invisible, unknown) is reasonably as- (any variation)

sumed to follow that of variations (visible,
knowable). It is seen that
X = X,
(arithmetic mean)  (¢rye value)

v; =

x;

Tx

n

(mean error)

(corresponding error)

(3-3)

When 7 is larger, it signifies that the mean

_ E (32) measured value X is closer to the true value
n (mean of the population). It is also apparent
(mean error) that variations then become more nearly equal
l«——— True value, X,
< Mean value, X
N
Lx
= Average error

v;= Variation from

l
i

l

I

I

mean |
|

T

l

Frequency (n)

x;=Error

]

/ —} x;.

\

e Any single

| __Normal distributi

curve

value
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Measurement values

Figure 3-4. Relationship between error and variation.




to errors. Though the true magnitude of 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 X,,.
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

Lov?
g, =t

A woD (34)

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
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Table 3-2. Measure of precision for set A

Measured Variation

Value v v?
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 Yv2 = 0.000037

0.000037
g = = +0.002

S T
Best value (mean) = 165.864
Measure of precision g, = +0.002

10 measured values. Today, good hand calcu-
lators perform this task easily through the keys
marked ¥ + , X, and o.

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

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

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

2. The area beneath the curve bounded by
t o, is 68.3%, and + g, is the 68.3%
“error.”

3. The area beneath the curve bounded by a
+20; is 95.5%, i.e., +20, represents the
95.5% *‘error.”

4. The area beneath the curve bounded by
+30, is99.7%, so + 30, defines the 99.7%
“error.”

Stated differently, another measurement
should fall with a 68.3% probability within the
+o0 bounds; a 95.5% probability between
+20; and a 99.7% probability inside +30.
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.

3-12. USES OF STANDARD
DEVIATION

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 o, Weight Factor Weight We(X — 165.860)
A 165.864 +0.002 (1/0.002)? = 250,000 12.25 0.049
B 165.867 +0.006 (1/0.006)* = 27,778 1.36 0.010
c 165.862 +0.007 (1/0.007)* = 20,408 1.00 0.002
D 165.864 +0.004 (1/0.004)2 = 62,500 3.06 0.012
17.67 0.073
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
Probability
Certainty of Larger
Name of Error Symbol Value (%) Error
Probable E, 0.67450, 50 lin 2
Standard deviation g, 1.00, 68.3 lin3
90% error Eq, 1.64490, 90 1in 10
Two-sigma or 95.5% error 20, 20, or 3E, 95.5 1in 20
Three-sigma or 99.7% error 30, 30, 99.7 1in 370
Maximum* E o x 3.290; 99.9 + 1in 1000

*Some authorities regard the 95.5% error as the ‘‘maximum error.” Neither view is absolutely correct, since the theoretical
maximum error is + @, 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 oy, they can be accepted
as measurements of the same quantity.

oo =V (0); + (0);

Example 38. Suppose two sets are compared
as follows:

(3-5)
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Set E: 165.848 + 0.006,

e = V(0.006)° + (0.010)2
Set F: 165.867 + 0.010,  20pg = 0.024

0.019 (difference)

Conclusion: Set E is not significantly different

from set F, since 0.019 is not more than twice
opirr (= 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 o, Weight Factor Weight W,(X — 165.860)
A 165.864 +0.002 250,000 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

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,

Tv?
(n—-1)

(3-6)

Variance = ;2 =

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

here:

1. Standard error of the standard deviation =
to,/V2n.
2. Standard error of the variance = +a,2/2n.

3. Standard error of coefficient of variation =
V/V2n.
4. Standard error of the median = 1.250,/ Vn .

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 1(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 107° D) to
4+(3 mm + 5 X 107® 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

y = (h/Vm)e W** (87
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
bellshaped, 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

Knl

y= (38)
o,

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

x K
% (mean) 0.39894
%+ 050, 0.35206
%+ 100, 0.24197
x + 150 0.12953
x + 200, 0.05399
%+ 250, 0.01753
x + 3.00, 0.00443
X+ > 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, = +0.00304 ft. The ordi-
nates for the superimposed normal distri-
bution curve are

x y
% (mean) 57.5
% + 050, 50.8
%+ 100, 349
i+ 150 18.7
X+ 2.00; 7.8
% + 250, 2.5
%+ 300, 0.6
X+ 0.0

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

3-17. MEANING OF STANDARD
DEVIATION

The o, indicates that any next measurement
introduced in this set should, with 68.3% cer-
tainty, fall within the +o, 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 o, = +a,/Vn, which is the

60 - Mean =6.5782 ft
~ 50 - \ Actual distribution
%3 \ curve, n=439
9 \ Normal distribution
o 40 — curve
gl
2
g 30 7 /
o
E 20 -
=
Z

10 —

| |
0 T I T | T T
- 30, - 20, —0s ? | + o, + 20, + 30,
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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Figure 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
of the sample validity. It signifies that with
68.3% confidence the set’s mean lies within
* g,, of the true value of the population mean,
or with 95.5% confidence it lies within +2¢,,
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 o; 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 g;%, then the
variance of the means of sets is

Variance (X ) = variance (Zx,/n)
= 1/n? variance (Lx;)
But variance (x;) = o? forall i

Variance (X) = (1/22) (02 + 02 + -+ +0?)

=no?/m?®=02/n

Thus,

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 ¢, 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
o, = +(0.002/V10) = 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
o, = 10.00304. Then

o, = +0.00304//439



the “‘maximum” error (Table 3-3) is 3.29¢;,
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.
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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:

1 2 3 4 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 3.665 3.636 3.6018 3.045 3.623 3.622 3.635
o, 0.077 0.041 0.055 0.080 0.065 0.050 0.060
g, 0.034 0.018 0.025 0.036 0.029 0.022 0.011
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 to to to to to to
3.69Y 3.654 3.b43 3.b81 3.052 3.644 3.646

Any one of the six X and o, values is
representative of the mean and standard devi-
ation of the whole population. For further
comparison, the X and o,, values are shown
for the 30 measurements regarded as a single
sample set; it is seen that each of the six
smaller sets has a range that brackets the Xg,
(= 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 (bellshaped)
depends on the standard deviation g;, 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°19.21”
n+1=17, o, = +03.48"

Mean minus o, = 134°37'15.73"
Mean plus o, = 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 curve (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 +o, limits) and made to
pass through the plotted points in a ‘‘best-fit”’
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Table 34. Set of 16 angle measurements

Class Class
X f f % Width Mean f
134°37'13.8" 1 1 5.9
14.8" 1 2 11.8 13.5-15.5" 14.5" 2
15.8" 1 3 17.6 15.5-17.5" 16.5" 4
16.1" 1 4 23.5 17.5-19.5" 18.5" 3
16.8" 1 5 29.5 19.5-21.5" 20.5" 4
17.4" 1 6 35.3 21.5-23.5" 22.5" 1
17.5" 1 7 41.2 23.5-25.5" 24.5" 1
19.1" 1 8 47.1 25.5—27.5" 26.5" 1
19.4" 1 9 529
20.3" 1 10 58.8
20.8" 1 11 64.7
20.9" 1 12 70.6
214" 1 13 76.5
23.4" 1 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

paper for a meaningful plot and examine the
scatter:

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

Calculate the mean and o, values, draw a
straight line through them, and finally plot
individual values to see how well they fit.

4
7\ /
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37 / Faired frequency
/ distribution curve
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Figure 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 The plotted points are seen to fit a faired
(Figure 3-10) by method a and the curve straight line decently well, so they can be
drawn as a bestfit line. Percentages are visually adjudged to conform with normal dis-
calculated using (n + 1) in the denomina- tribution and be accepted for any further sta-
tor to plot the end point(s) of the curve. tistical treatment. The scaled outlines of Fig-
Comparison of the angle measurements wure 3-10 can be photocopied and used for
with those of Example 3-14 shows these arithmetic probability paper.
results. From the plot on arithmetic proba-

bility paper,

3-20. PROPAGATION OF
Mean = 134°37'19.2", o, = 04.0"

ACCIDENTAL ERRORS

From calculation, ) ) )
Basic to the combined effect of accidental

Mean = 134°37'19.21", o, = 03.5" 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 o, 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

Example 2-16.

Eowm = tVE} +Ef +EZ +E} + - +E2 (39)

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

Eou = +V0.00322 + 0.0022 + 0.00132
= +0.0040 ft
3-20-1. Addition

When adding measured quantities having

known errors, the error of the sum is

E (3-10)

s

tyfel + ek + e+ +ed

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

+V16(0.0040)* = +4(0.0040)
+0.016 ft

E

s

Example 3-18. The error in the sum of two

measured angles is computed similarly.
Angle AOB = 15°32'18.9” + 05"
Angle BOC = 67°17'45.0" + 15"
Angle AOC = 82°50'03.9" + 15.8"
(= +/052 + 15?)
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 PB is

1672.848 + (V0.018% + 0.010% = 40.021) ft
3-20-3. Multiplication

When multiplying two or more measured
quantities having accidental errors, this gen-
eral equation for relative errors applies

E \* (Eg)\?
B2 + =2 11
tA (A ) ( 3 ) (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 (12,067.20 ft?) of

E i

product

19.067.20 0.026 \2 0.011 \?
y . -+
* 160.881 75.007

= +2.63 fi?
3-20-4. Division

The error in a quotient of two measured
quantities is

A [(Es\2 (E\?
Equotient= i-_B— ":4_ + E (3-12)

Example 3-21. 1If the area of the rectangular
plot is somehow known to be 49,650 + 10
ft? 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

ooy (o) o ()
282, 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

E

+L-W-H

VT T o

A cube, if all three sides are measured, will

volume —
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side A is measured and the other dimensions
are regarded as equal, the volume error is

E 2
(—") X 3
A

= +A%,/3

+4°

volume — -+

(3-14)

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

n EA *
Epower= tA n 7

= +E, A V/n (3-15)

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

Volume of sphere = 3773

E 2
+ (vol) n(—')
,
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= +—ur%E,
3

E =

sphere

(3-16)

Example 3-22. If a sphere’s radius is measured
as 10.00 + 0.08 ft, the calculated volume is
4188.8 ft® and the error will be

£ 417103 3(0.08 2
vol — + 3 10 -

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.

+58.0 ft3

Example 3-23. A cylindrical tank of diameter
10.00 £ 0.02 ft is 30.00 + 0.04 ft long. End
area is 37D? = 78.540 ft> and volume is
78.540 X 30.00 = 2356.2 ft’.

. 0.02)?
= +1m10%/2 T = +0.222 ft?

area

E., = +(30.00)(78.540)

0.222

V() + )
X +|—
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 gab = 1750.00 ft®.

Epen = +13ab 2(%): (%)2
- 11750\/(%)2 N (%)2
= +0.70 f? 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

Eprgege = 1,967,812/5,000 = +0.374 f
E = 1568.763/5,000 = +0.114 ft

It may be noted that this is the same as

‘/ 1\2 1)\
+ (area) (—) + (——)
5000 5000

= +300.5 ft?

or, more simply,

E,., = +(area)(1/5000)y2 = +300.5 fi?

area

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

E,., = +(area)(1/10,000)V2 = +150.2 fc

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 o, or smaller standard errors o,,. Weights
should be inversely proportional to the square

meridian of the sigma quantities.
0.374\% [0.114)?
E, .. = £1,062,323 + Example 3-25. Several sets of linear measure-
1,868 569 . . .
ment are listed. It is desired to find the
= $300.9 ft® combined weighted mean.
Table 3-5. Summary table of traverse area error
Order /Class Linear Accuracy Area Accuracy
First 1,100,000 (1/100,000y2 = 1,/70,700
Second /1 1/50,000 1y 50,000)\/2_ = 1/35,300
Second /I 1,/20,000 (1,/20,000)y2 = 1/14,100
Third/I 1/10,000 (1/10,000)\/2_ =1/7070
Third /11 1,/5000 (1/5000)y2 = 1/3530
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Set X o, Weight Ratio Weight w w- (X - 387)
A 387.071 +0.025 (1/0.025)* = 1,600 5.38 0.382
B 387.126 +0.042 (1/0.042) = 567 1.91 0.240
c 387.080 +0.019 (1/0.019) = 2,770 9.32 0.746
D 387.112 +0.058 (1/0.058) = 207 1.00 0.112

17.61 1.480
Weighted mean = 387.000 + 1.480/17.61 = 387.084 ft

Example 3-26. A weighted mean value of ele- one party is combined with that of another
vation difference between two bench marks party, each set being the result of several
can be calculated if a set of level runs by runs having a calculated standard deviation.

Set X a, Weight Ratio w w(X — 166)

A 167.212 +0.182 (1/0.182)2 = 30.190 1.000 1.212

B 166.978 +0.071 (1/0.071)? = 198.373 6.571 6.380
7.571 7.592

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 weighted mean of the two results is found
party made a run using second-order/class through the published relative accuracy
I methods, another followed the same route values.

using third-order/class II methods. The

Difference
of
Elevation Order/ Relative Weight
Set (m) Class Accuracy Ratio w w(X — 41)
1\ 1
41.0962 2nd /1 +1.0 —_—] == 1.69 0.1626
Q nd/ = (1.01() K
mmyK
R 41.1076 3rd /1l 1.3 L), 0 1.00 0.1076
' rd/ £l 13k) K == -
mm\/I?
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/¢2
A 46.1672 1.5 2nd/1 +1.0 mmy1.5 0.667
= +1.225
B 46.2107 2.0 3rd 2.0 mmy2.0 0.125
= +2828
(o} 46.1810 1.5 2nd /11 +1.3 mmy1.5 0.395
= +1.592
Run Weight Weight (Elevation — 46)
A 5.336 0.8922
B 1.000 0.2107
(o 3.160 0.5720
9.496 1.6759

Weighted mean = 46.0000 + 1.6759,/9.496 = 46.1765 m

3-23. CORRECTIONS Example 3-29. Angles of a triangle were mea-

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.

sured with different instruments. Lacking a
better guide, errors assigned to each point
are the nominal capabilities of different
instruments used at these points.

Instrument Correction Adjusted

Point Type E E? Index Correction X
A 70°13'50" 10-sec +10" 100 1 1/41(40) = 01" 70°13'49"
B 58°45'20" 20-sec +20" 400 4 4/41(40) = 04" 58°45'16"
Cc 51°01'30" 1-min +60" 3600 36 36,/41(40) = 35" 51°00'55"
180°00'40" 1 180°00'00"
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Example 3-30. A line AB is measured by measured distances. (The value of AB must
first-order methods, and then again in two obviously equal the sum of AC plus CB,
segments AC and CB by third-order meth- finally.)
ods. Adjusted values are needed for all three

Precision
Line X Fraction e* 1/62 w w(X — 2104)
AC 1416.912
CB 687.901
2104.813 1,/5000 0.421 5.643 1 0.813
AB 2104.697 1/20,000 0.105 90.299 16 11.152
Diff = 0.116 17 11.965

*(1/5000X2104.813) = 0.421
(1/20,000X2104.697) = 0.105
Weighted mean = 2104 + 11.965/17 = 2104.704

Since (AC + BC) must be adjusted down- CB = 687.901 — (688,/2105)(0.109)
ward by (2104.813 — 2104.704 = 0.109) to
equal this weighted mean, the two segments
(proportionately) are

= 687.865

Sum = 2104.704 (check)

AC = 1416.912 — (1417/2105)(0.109)
The weight ratios could be obtained di-

= 1416.839 rectly from the expressions of precision; thus,
Constant X 2 Weight Ratio (= 1/¢?)
Inverse of (1,/5000)? = 40.0 X 10~° 25 X 10% or 1
Inverse of (1,/20,000)> = 2.5 X 10~° 400 X 10° or 16

Another way to arrive at these new values is  in inverse ratio to the weights:
as follows, noting that adjustments are made

Segment e 1/¢* w Adjustment Ratio Adjustment*
AC + CB 0.421 5.643 1 1/1 = 1.0000 0.109
AB 0.105 90.70 16 1/16 = 1.0625 0.007
1.0625 0.116

*Adjustment calculations:
(1/1.0625X0.116) = 0.109
(0.0625/1.0625X0.116) = 0.007

Sum = 0.116
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3-24. SIGNIFICANT FIGURES IN
MEASUREMENTS

3-24-1. Exact Versus Doubtful

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-
clude 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 1073,

2. 34,000 mi has two significant figures, unless
it is clearly intended that the value is exact.
Writing it 3.4 X 10* is not common, but is
better usage (scientific form), or as 34 X 10°
(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 1073,

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 56.17
4.3 11.036 367.796
13.876 79.3015 —-28.7
24.4 146.51 339.1

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 10%)°
= 7543 X 10° (not 754.29225 X 10°)
850.436,/4.56 = 186 (not 186.499123)

However, 8 and 9 are almost two-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

1(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 ft® 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 2000-ft radius is specified for a circular
curve, this sets the degree of curve D at

5729.577951

——— = 2.864788976°
2000 (exact) 2

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

D (degree of curve) 100 ft
360° "~ 2nR ft
or R = 5729.577951 /D

With a good calculator, the value of 7 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

L, = 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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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 (EDMIs).

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.) (f9) (yd) (rd) (ch) (m)
1 inch 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 0.1818 0.04545 0.9144
1rod 198 16.5 5.5 1 0.25 5.0292
1 chain 792 66 22 4 1 20.1158
1 mile 63,360 5280 1760 320 80 1609.35
1 meter 39.37 3.281 1.094 0.199 0.04971 1

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

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

1yard = 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 (pm) (mm) (cm) (dm) (m) (km)
1 micrometer 1 0.001 0.0001
1 millimeter 1000 1 0.1 0.01 0.001
1 centimeter 10,000 10 1 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 3t 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
331 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
(1,/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.



Figure 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-
ously 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 1b
and 0.04 in. per 3 ft at 22 Ib. These tapes are
available 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 $ to 2 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-loops

to form a figure 8, and then ‘‘thrown” into a
circle about 8 in. in diameter. The common
100t steel tape weighs from 13 to 23 Ib,
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 3 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 % 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.)



Linear Measurements 47

Figure 44. 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 25 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 \
same as N =
>

Topographic Arc Reading

2 Chains

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 46. 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 1k or 20.124 ch. The Gunter’s chain, 66 ft
long, therefore, was % of a mile (4 rods). Ten
chains square is equal to 43,560 ft? or 1 acre
—a very useful system.

Subsequently, an engineer’s chain of 100 ft
with 100 1t 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 gquiver, which can be attached to a
surveyor’s belt. After 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 1ib
increments or 15 kg in ;-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
47).

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
l% 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 1-ft, or 50-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. After reading the thermometer, the
tapeperson can measure long or short as indi-
cated.

Tape-repair 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: (1) to
measure the distance between two existing
physical points; or (2) to lay out 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
49). In horizontal taping, the tape is held

Figure 48. 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 100-ft tape can be laid on
the ground, thus fully supported throughout.
Under these conditions, the proper tension,
generally applied, is about 10 Ib. If the ground
is irregular or contains obstructions, the tape
may have to be suspended in catenary, plumb
bobs used, and more tension applied.

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

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 10-1b 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 forfrac-
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

Method

Plumbing one end
Dynamic taping

Slope taping

Plumbing both ends
Level tape on flat ground

Figure 49. 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 b, 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.

Chaining Pin Tack in Stake
— 1 1t T TIITIITT1]
87 2 1 0 +1
(a) Adding Tape
Chaining Pin Tack in Stake
I I L S T I II1111)
88 3 2 L 0

(b) Subtracting Tape

Figure 4-10. Reading partial tape lengths. (Courtesy of
Brinker /Wolf.)
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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-and-floating-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 midtape
should use a tape clamp to avoid kinking or
bending 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
measure 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.
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 100-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

(100.00 — 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., lay out 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, T
(NBS uses 68°F or 20°C), the correction can be
obtained from

C, = 0.00000645 (Tf -T,)L (41

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 44. Corrections for incorrect tape length

To Lay Out To Measure a Line
When TapeIs  aDistance  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

p = SQ—A# 42
in which P; is the applied field pull in pounds,
P, the standard tension, A the tape cross-
sectional area, and E the modulus of elasticity
of the tape—taken as 29,000,000 1b 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 & is measured, the correction for slope
C, can be obtained from the formula

h®  h*

C,= (43)

—_— + ——
2s  8s?
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:

C, =s(1 — cosa) —svers a (44)

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
curve. 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:

W2L
24p?

w?l®

C, = W = (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:

0.204WVAE

R

Sources of Error and Mistakes in Taping

(4-6)

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.

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-

General Intfroduction

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-
gories':

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. Selfreducing tacheometers
(a) Using vertical staves-diagram tacheo-
meters
(b) Using horizontal staves-double-image
tacheometers
. Subtense bar
5. Planetable alidades

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 tacheometry 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 § as in Figure 4-11.

D = 1008 «7

In some instruments, the stadia multiplier & is
333.

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

Table 4-5. Optical distance-measuring devices

Linear Measurements 55

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

D = 100AB (4-8)
D = 100S cos a (49)

and
H =D cos a = § 100 (cos’) (4-10)

V =D sin a = $ 100 (sin @ cos a)
=5100(3sin2a) (411)

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 externalfocusing 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 + ¢ 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
Section Form Base Angle Base Distance
1 Fixed-base rangefinder Fixed 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 =200 ft —

- D =381 ft

I

} S=2.00 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 tacheometers.
Stadia tables were included in surveying
textbooks for years. They assume a stadia in-

H

Figure 4-12.
Esser Co.)

.

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

Table 4-6. Horizontal corrections for stadia intercept 1.00 ft

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

0°00’ 5°36' 8°02'
0.0 ft 1.0 ft 2.0 ft

1°17' 5°53' 8°14'
0.1 ft 1.1 ft 2.1 ft

2°13’ 6°09’ 8°26'
0.2 ft 1.2 ft 2.2 ft

2°52' 6°25' 8°38’
0.3 ft 1.3 ft 2.3 ft

3°23’ 6°40' 8°49’
0.4 ft 1.4 ft 2.4 ft

3°51' 6°55' 9°00’
0.5 ft 1.5 ft 2.5 ft

4°15’ 7°09’ 9°11’
0.6 ft 1.6 ft 2.6 ft

4°37 7°23' 9°22’
0.7 ft 1.7 ft 2.7 ft

4°58’ 7°36" 9°33’
0.8 ft 1.8 ft 2.8 ft

5°17' 7°49' 9°43’
09 ft 1.9 ft 29 ft

5°36' 8°02' 9°53'
3.0 ft

10°03’

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

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 7.19 891 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 7.7 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 11.30 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 1.16 291 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 1.34 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 11.76 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
Equations (4-10) and (4-11) for various values
of vertical angle a. To compute H and V,
appropriate tabular figures are obtained for «
and multiplied by S. Some tables list correc-
tions that are multiplied by S and subtracted
from 100S to get values of H.

The sole purpose of the 10-in. Kissam slide
rule or Cox (circular) stadia rule is to obtain
H, V, and/or horizontal corrections by using
appropriate $ and a values.

A stadia circle consists of two special H and
V scales attached to planetable alidades and
some transits, on request, which permits the
observer to read the same values obtainable

from stadia tables instead of the vertical angle.
These numbers must then be multiplied by S.
Since spacing of the graduations is irregular, a
vernier is not needed. A stadia arc is essential
in planetable mapping.

Tc avoid minus readings, the V-index read-
ing on level sights is 50 on most arcs, so 50
must be subtracted from each reading to ob-
tain the true multiplier. The H multiplier
normally is near 100. The Beaman arc is the
same as a stadia circle, except the horizontal
scale H yields a percentage correction that
must be subtracted from 100S. The vertical
scale V is the same as on a stadia circle. All the
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/I, 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
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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
curves, 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.

Rod 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: 4+0.2-40.1= +8.02m Diff. of elevation: —1:21.7= —21.7m

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 selfreducing 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
Attachments

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.



Of the two optical elements, the wedge
supplies a fixed-angle & (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.
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Figure 4-16. Mechanical reduction
system employing a cam-operated

movable reticule with straight lines.
(Courtesy of Kern Instruments, Inc.)

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 GVL12 (GVLV12)
tacheometric staff

Distance 53.6 ft
Dift. in elevation +0.290 x 100 x 1 = +29.0 ft

Vertical circle +28°20°

Figure 4-17. Modern planetable alidade with reduction curves. (Courtesy of Wild Heer-
brugg Instruments, Inc.)

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 1-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 1/10,000—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 @ 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 Instruments,

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 & is exactly 2 m, distance D
totally depends on the horizontal angle meas-
urement «. 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
1-sec theodolite. Several sets of angles should
be read to ensure this 1" accuracy. Tables
furnished by subtense-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 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 & with angle A nor-
mally arranged as a right angle.

In fixed-angle rangefinders, angle B of « 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 B are
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-mounted 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-

Rangefinders
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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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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 shortrange 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,! 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

67
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Figure 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 56 present a discus-
sion of the principles of electronic distance-
measuring instruments, based on a paper by
Gort.? It refers to the HP 3800 instrument for

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



Figure 54. Kern DM 503 mounted on an electronic
theodolite. The unit may be used on conventional theodo-
lites as well. It features transmitting optics above 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

A=v/f (5-1)

where

A = modulation wavelength
v = velocity of light
f = modulation frequency

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

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 = 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-to-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 0° 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 ¢ between transmitted and received sig-
nal becomes

¢=nX360°+A¢

in which A ¢ equals the phase delay due to the
distance d. As n X 360° is equivalent to 0° 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.)

7= .
Transmitter i % A Receiver a
Receiver
l@— N X 10 ft:
Transmitter Receiver b

a phase meter, the angle can be measured and
will represent d according to the relation

A
d= (—¢ 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

(5-2)

where ¢ = vacuum velocity of light and = =
index of refraction of air.

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

Transmitter \/\/\N

Receiver

lﬂ-(nx10+d) ft-»!

Transmitter /'\/
Receiver /-\/ If Ap=360°d=10 ft
|
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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 10° high estimate of temperature combined
with a 1-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 360° phase delay
equals 10 ft in the phase meter at the highest

20
0 AT S3°F AND
20.92" Hg

ST

o

z /
-3 L3

2
2E
0 0
i Q

a

2

<

« /

(=]

(5]

; 10~

-20
-20 -0 ) 10 20
AF
(TEMPERATURE READ  THUE TEMPERATURE)

(a)

Linear Measurements: EDM Instruments 71

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 360° = 10 ft
at one end of the scale and 360° = 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 Distance Incl. HP 3800
Frequency Constant Ambiguity Readout
24.5 MHz 360° = 10 ft ny X 10 + 831 ft xxx8.31
2.45 MHz 360° = 100 ft ny X 100 + 58.31 ft xx58.31
245 kHz 360° = 1000 ft ng X 1000 + 258.31 ft x258.31
24.5 kHz 360° = 10,000 ft ny X 10,000 + 6258.31 ft 6258.31

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

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 59
gives a correction to be dialed in as a function
of temperature and pressure. This should be

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 1.5°C) 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.> 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.*

5-9. SLOPE CORRECTION

EDM instruments all measure slope (line-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

Scos a or Ssin 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 . will serve as a basis
for slope reduction. The horizontal distance is

h? Bt

§—— - — 5-4
25 853 (5-4)

in which the last term is usually negligible.
Consideration must be given to the mount-
ing position of an EDM unit and the design of
the prisms-and-target combination. For exam-
ple, an EDMI 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 EDM 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 simple
Equation (5-3) in the preceding paragraph.
The target intended for use with a yoke-
mounted EDMI (Figure 5-11) is much less ex-
pensive than the telescope-mount model (Fig-

Figure 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, nontilting target. The formula is

Scos a — dsin 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 .
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 § = 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).” 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 — E; cos Z) (5-6)

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

in which
0.929S sin Z
E=—
6,372,000
and
) 0.429S sin Z
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 S cos 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 (proportjonate 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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Figure 5-12. Graph of accuracy and range specifications for Topcon GTS-2.



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

5(2,000,000 mm) ]°
o=1582+|————| = +11.2mm
1,000,000

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 tacheometer
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.®

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 54.

Manual total stations are theodolites with
builtin EDM units. Typically, these neat com-
pact instruments weigh less than traditional
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Figure 5-13. Manual total station, combining an EDM
instrument, theodolite, and preprogrammed calculator in
a single instrument. After 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 important 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 shortrange 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 calculated, 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 El (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
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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 360° 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.

NOTES
1. P. W. McDONNELL. 1985. Total station survey.
P.O.B. Magazine 10 (6) (Aug.—Sept.), 20.

2. P. W. McDONNELL. 1984. EDM instruments sur-
vey. P.0.B. Magazine 9 (3) (Feb.-March), 17.

3. L. A. Kivioja, and W. A. OreN. 1981. A new
correction to EDM slope distances in applica-
tions of untilted corner reflectors, effects of
misaligned reflectors and determination of re-
flector constants. Final Technical Report CE-G-
81-1, Purdue University, School of Civil Engi-
neering, West Lafayette, IN.

4. A. F. Gort. 1977. The Hewlett-Packard 3820A
electronic total station. Proceedings of the Fall
Convention, ACSM. Washington DC.

5. P. W. McDoONNELL. 1983. Total station survey.
P.O.B. Magazine 8 (6) (Aug.—Sept.), 16.

REFERENCE

BirD, R. G. 1989. EDM Traverses, Measurement, Com-
putation, Adjustment. New York: John Wiley &
Sons.



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 (zenith) (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 (4008); 100 centesimal minutes (100°)
per grad; and each centesimal minute split
into 100 centesimal records (100°). The ease
of addition and subtraction expressed in cen-
tesimal form leads to a decimal notation. Thus,
210871°84 is noted as 210.71848. 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 1000-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°/27 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 and tied 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.

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.

Bearings

6-4-2. Azimuths

Azimuths are angles measured clockwise
from any reference meridian and range from
0 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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Figure 6-2. Vertical and zenith angles.
Table 6-1. Comparison of various angular definitions.
Degrees Grads Mils Radians
1deg = 1 1.11111 17.77778 0.017453
1 grad = 0.9 1 16.0 0.015708
1 mil = 0.05625 0.0625 1 0.0009875

lrad = 57.29578 63.66198 1018.59164 1
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Figure 6-3. Comparison of meridians.

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 N26°E, and the back
bearing is S26°W; likewise, the forward az-
imuth of line KL is 26° AZ,, and the back
azimuth is 205° AZ,,.

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,
planetable, 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

56°43'

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, sin1l’ = tan 1’ =
0.00029 (approx.) and sin 1° = tan 1° = 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.)
1’ of arc = 1 in. at 340 ft (approx.)

1’ of arc

= 0.03 ftat 100 ft, or 3 cm 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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Figure 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.

Linear Error in

Standard Error of Accuracy
Angular Measurement 1000 ft 300 m 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 lay out 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.
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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 360° 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

DD
D T

Figure 68. 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 180° 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 90° 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.
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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 sightline
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 N and 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
33 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 3-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-leg tripod is
preferable because it is simpler to level the
plates when setting up the instrument over a
fixed point. Tripods are generally 43 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 60° 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 Aorizontal 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 90° each, with the number of
degrees increasing to 90° in both directions
from a 0° mark. The 0° mark of each set of
quadrants coincides with the instrument’s hor-
izontal plane. The circle is divided into half-
degree increments with every 10° division line
numbered (Figure 6-10).

Horizontal circles are graduated either in
half-, one-third, or one-quarter-degree incre-
ments, with every 10° division line numbered.
Different circles available are graduated from
(1) 0 to 360° in a clockwise direction; (2) 0 to
360° in both directions; or (3) 0 to 360° in a
clockwise direction with four 0 to 90° quad-
rants superimposed, as shown in Figure 6-11.
Most surveyors prefer the 0 to 360° 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, 180° 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-direct 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-

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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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 earrying 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.

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

Instrument Setup
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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 2 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

WA

Reading L to R=08°24"20"
Rto L=351°35"40"

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. After 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
180° 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. Af-
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. After 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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“A” (backsight)

Value of measured
horizontal angle=81°37"

“O”

(occupied)

“B”’ (foresight)

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 /A employing the
following procedure:

1. Set up transit at / and zero plates.

2. Point telescope along line /A 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.

Figure 6-14. Layout horizontal angle by single sight-
ing.

“I”’ (occupied)

2. Loosen lower clamp, plunge (transit) the
telescope, rotate upper /lower 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

“C” (set)

Layout angle

[

Instrument ‘‘zeroed’” and “A” (backsight)

backsighted along this line



(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 6-8-1) 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 6-15,
IA is an existing reference line, IB the line to
be established.

An instrument is set up at /, plates zeroed,
and the sight line directed to a backsight on
A. Turn specified angle AIB as accurately as
the least count permits, fixing /B’. Temporary
point B’ is set at the required horizontal dis-
tance IB. Angle AIB' is then measured by
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repetition enough times to attain a desired
accuracy (Section 6-8-14). Compare the value
obtained for angle AIB' with that of angle
AIB. 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 IB. 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 6-15), 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 instrument at I, level, zero plates,
and backsight on A.

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

3. Measure angle AIB 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 !
1) Set B’ (temporary) @ \
47°28' +30" \
2) Measure AIB’ 6 times—
determine 47° 27 ‘40" +05"

3) Correct location of B
is 20" right of B’

4) Convert 20" to arc Distance:

20" =0.0000969 rad.
0.0000969 x 725 ' =0.07 '

Z Backsight

A

Figure 6-15. Layout horizontal angle by repetition.
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5. Comparing angle AIB’ with angle AIB 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 J. However, J is well beyond the
range of visibility, but line IJ 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 [
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

Erroneous line é
resulting from
in-adjusted
instrument //

\

Instrument set,
telescope plunged

|
Instrument set,
telescope plunged

I, Instrument set,
telescope plunged

H (backsight)

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 C, and C,.

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 «, no larger than
needed to clear the obstruction, is turned to
locate C. Point C is occupied and an angle 2a
deflected in the opposite direction from the
first angle. D is established on the resulting
prolongation of AB at the same distance as
BC. 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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\\
Instrument pe norma
\
i ‘ Cil

A

I =Total linear error (C,-C,) G,
Y4 I=Correct location of point ‘‘C”’

Figure 6-17. Double centering.

B C
Li .-
A
Turn 90° angles @ A, B, C, D
Make distance AB and CD equal
A’ B’ C’ D’
L—L 7

A B C D

Turn 90° angles @ A, B, C', D’

Turn x° deflection (left) @ B; turn 2 x° deflection (right)
@ C; establish D @ a distance equal to B-C; turn x° deflection
(left) @ D.

Figure 6-18. Extending straight lines beyond obstructions.



100 Angle Measurement: Transits and Theodolites

Arbitrary setup Cc'
B ’
/ I
| |
A
- \J
B C

Lateral shift B-B'=C-C’' X A-B/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
CC' 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 of verniers. If the difference be-
tween A and B vernier readings is not ex-
actly 180° 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
meaned, this error can be reduced to a
minimum.

3. Plate bubble 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 of 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.

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.

Line of sight not parallel with axis of telescope
level vial. This condition creates an error
when an instrument is uséd 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:

(@)

(b)

(©

Instrument errors from inadjustment of
plate bubbles or the horizontal axis affect
vertical angles and increase in magnitude as
vertical angles get larger.

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.

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-
nifying glass, or reads the scale and vernier
graduations in a nonradial direction. An
experienced instrumentperson can correctly
estimate to one-half the vernier’s least count.

4. Improper 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. Level bubbles 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 of instru-
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.

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 Ib.
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¢ye) 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

Descriptions

Angle Measurement: Transits and Theodolites 103
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 1-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-1 (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-1’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 (located 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-1 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") =  87°27'09"

Figure 6-21. Kern KI1-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 KI1-S (Figure 6-21) is identical in
basic operation to the Wild T-1 except for its
circlereading method. Figure 6-21 presents



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 below 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.

After 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



Angle=63°40'23"

Observed direction

Q 76°11'39" L

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 set 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 [; tighten clamp and finish point-
ing.

4. Read and record the direction to |
(202°21'53").

5. Use the same routine to observe and record
the direction to J 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 J (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-
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Figure 6-25. Horizontal angle with direction
instrument. Single measurement.

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 way an 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"
1’ 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:

(90°00'00" — 79°51'14") = +10°08'46" V
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; observe 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 observations 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 reasonably ex-
pected to be within the following limits.

For a l-sec theodolite, most angles mea-
sured should have a probable error not more
than

(@) One position (1 direct, 1 reverse) + 4"
(b) Two positions +3
(c) Four positions +2"

For a 1-min theodolite, the maximum error
in most angles measured by repetition is

(@) Turned twice 7
(b) Four repetitions +4"
(c) Six repetitions +3"
(d) Twelve repetitions  +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-
ventional leveling 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

113
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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

GRAVITY SURFACES

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
1-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 1:250,000,
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.

GRADUATED ROD

KNOWN BENCHMARK (BM)
ELEV. = 234.04'

Figure 7-2. Direct leveling.

TEMPORARY BENCHMARK (TBM)
OR, TURNING POINT (TP)
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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 = elevBM + 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

6.16'

ACKSIGHT

" UNKNOWN
BENCHMARK
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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 8 = AB'(tan a +
tan B). Vertical angles above the horizon are
positive (+), those below it are negative (—).
Thus, elevB = elev A + HI + AB' tan B,
where B is a negative angle and elevB” =
elevA + 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 8 = AB'(tan a +
tan B). Vertical angles above the horizon are
positive (+), those below it are negative (—).
Thus, elevB = elev A + HI + AB' tan S,
where B is a negative angle and elevB” =
elevA + HI + AB’ tan a, where a is a posi-
tive angle.

In this procedure, precision of vertical an-
gles @ and B and linear measurement AB’

HORIZONTAL _SIGHT _LINE

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

Bll

1 i
B

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 Allowable Li E .
of Linear Angular in Angular owable Linear rror In
Measurements Error Measurements 100’ 500’ 1000’ 5000' Ratio
i 6'5 5 5 727 7.27 .
— '53" ! 0.14 0. 1.454 . -—
500 2 2 688
i 3 29 0.145 291 454 !
—_— '26" I 0.0 . 0. 1. -—_—
1000 2 3440
! 0'41 30 15 073 0.145 0.727 !
— '41" " 0.0 0. .14 . _—
5000 6880
! 2 2 9 7 8 .
0'21” 0" 0.010 0.04 . .4 —_—
10,000 0.09 0485 10,300
1 1
0'04" 10" 0.005 0.024 0.049 0.242
50,000 20,600
1 1
0'02" 5" 0.002 0.012 0.024 0.121
100,000 2 41,200
1 1
—_— 0'00.2" 2" 0.001 0.005 0.010 0.048
1,000,000 103,100
1
1" 0.002 0.005 0.024
206,300

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 90°
to the meridian. If a spherical earth is as-
sumed and low precision satisfactory, a single
radius of approximately 20.9 X 10°® ft can be
assumed. A more precise radius depends on
the observer’s latitude and the sightline az-
imuth of the observation.

A practical expression for curvature is ¢ =
0.667M 2, where ¢ 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-

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+7r)=h=0.574M?2

The following shows that (¢ + r) increases
rapidly with distance:

(¢ + 7) Effect

200 ft
0.001

500 ft
0.005

1000 ft
0.021

2 mi
2.296

1 mi
0.574

Distance
h ft
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Table 7-2. Precision of computed values

Angular Error
Size of Angle ! 30" 20° 10 5
and Function Precision of Computed Value Using Sine or Cosine
Sin 5° 85° 1 1 1 1 1
1o orcos 300 600 900 1800 3600
10 80 ! ——1 ! ——1
610 1210 1820 3640 7280
v 1 1 1 1
0 0 — — — — —
2 1250 2500 3750 7500 15,000
6 1 1 1 1 1
0 — —— — ——
3 0 1990 3970 5960 11,970 23,940
1 1 1 1 1
40 50 — — — ——
2890 5770 8660 17,310 34,620
1 1 1 1 1
50 40 —_— —_— —_
4100 8190 12,290 24,580 49,160
60 50 1 1 1 1 1
5950 11,900 17,860 35,720 71,440
. 0 1 1 1 1 1
O ——
2 9450 18,900 28,330 56,670 113,340
1 1 1 1 1
80 10
19,500 39,000 58,500 117,000 234,000
Precision of Computed Value Using Tan or Cot
. 1 1 1 1
Tan or cot 3 300 600 900 1790 3580
1 1 1 1
10 — — —_— — —
590 1180 1760 3530 7050
1 1 1 1 1
20 1100 2210 3310 6620 13,250
1 1 1 1 1
30 1490 2980 4470 8930 17,870
1 1 1 1 1
40 1690 3390 5080 10,160 20,320
1 1 1 1 1
15 1720 3440 5160 10,310 20,630
1 1 1 1 1
50 1690 3390 5080 10,160 20,320
0 1 1 1 1 1
6 — —— —— ecmm— —
1490 2980 4470 8930 17,870
0 1 1 1 1 1
1100 2210 3310 6620 13,250
0 1 1 1 1 1
8 590 1180 1760 3530 7050
1 1 1 1 1
85 _—

300 600 900 1790 3580




Leveling 119

K / HORIZONTAL LINE

~— ——PLUMB LINE—7H __

Figure 74. 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 (¢ + r), cancels (¢ + r),
when d, = d,.

LHORIZONTAL LINE

LINE OF SIGHT

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

(c+r); = (c+r)s

Figure 7-5. (c + r) Balancing effect.

if d, =d,
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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 + 7).

A theoretical way to overcome this (¢ + 7)
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

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.
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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 ultrastable 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 sensitivity, 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
with circular curvature

PAINTED GRADUATIONS
at 2mm spacings

\

| NFLUID
| usually synthetic alcohol

\\RADIUS OF CURVATURE ’

|
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-
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ture into the glass vial at these high sensitivity
values.

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
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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

Aelev

— -1
= tan a[(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
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Figure 7-9. Automatic leveling telescope.



124 Leveling

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 levels. 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 of 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 TELESCOP7 OBJECTIVE LENS
\._o———“———-’_‘_‘l _LINE_OF SIGHT.

AXIS OF BUBBLE VIAL
LEVEL BUBBLE

Figure 7-10. Dumpy level.
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to remove systematic instrumental error may
be made in the shop or field. On construction
instruments such as the old wye 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
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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
/ A ELEV. EXPRESSED IN

LINEAR UNITS

DISPLACED RAY

ENTERING RAY

PLANO-PARALLEL —
LENS \

Figure 7-11. Optical micrometer.
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The foot lengths are indicated by red num-
bers, and the 0.01-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 directreading 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’ AREA

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. NOTEFORMS

Different noteforms are used for various
standard directleveling 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-

3.64 FT.

Figure 7-12. Philadelphia rod face detail.
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Table 7-3. Establishing height of green pin
(closed noteform)
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Table 74. Left-hand page, partial set of three-wire
notes (in mm)

STA +S HI -S ELEV (ft)
BM 235 3.47 239.23 — 235.76
TP-1 9.10 246.62 1.71 237.52
TP-2 791  253.46 1.07 245.55
Green Pin 3.07 25257 3.96 249.50
TP-3 0.13 24559 7.11 245.46
TP-4 1.90 240.16 7.33 238.26
BM 235 4.41 235.75

+25.58 —25.59 —-9235.76
+25.58 -0.01”
—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 X backsights — X
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 notekeeper. 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-

Thread Thread Sum of
STA  Backsight Mean Interval  Intervals
1216
209 1108 1108.3 108 215
1001 107
3325
1326
TP-1 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
0+ 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 -s ~IFS ELEV (ft)
BM 235 3.16 238.92 - — 235.76
TP-1 7.71 244.87 1.76 237.16
0+ 00 17 243.2
1+ 00 35 241.4
2 +00 7.1 237.8
2 + 52 6.7 238.2
MH #17 10.6 234.3
TP-2 7.15 250.51 151 243.36
Green Pin 1.00 249.51
+18.02 -4.27 —235.76
-427 +13.75
+13.750°

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

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).

After 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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Figure 7-13. Highland Street profile.
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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:

(Zhy + 23hy + 33hy + 43h,)

Here / and w represent the individual length
and width grid dimensions and the A’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, ¢, 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-

Voo 4 X 27 mined on smaller size prisms of earth.
A B c 5 c
[ 100'
8
MAARLAAR R AL 10 N a0 s o S—
< .
E a b 3
3
{ C d %
4
éw nummmm.m“wwg
5

Figure 7-14. Borrow pit.




7-22. MAPPING

In laying out a subdivision or a house lot, the
survey 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 surveying 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,

4

\/?

Leveling 131

while multiple readings can reduce the third
to a minimum. Examples of blunders in level-
ing include (1) 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 survey, 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

% \
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fail to note that the reading is in the 1-ft
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
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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.

Modern 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 180° so end A goesto A, and B
to B'. 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 2F LEVEL
//(e = ANGULAR ERROR)

BUBBLE VIAL

i
/

/
/

Figure 7-16. Bubble axis perpendicular to vertical axis.
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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. Different-
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
180° 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

CENTER OF
CROSS WIRES

—)—
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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
OBJECTIVE LENS

ACTUAL SIGHT LINE

—_—
—

IDEAL LINE OF SIGHT

-r s T

Lr::ﬁT AXIS OF BUBBLE VIAL

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
90 m.

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-length-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/sec?. 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 semimajor and » semiminor lengths, the

| g = 978 gal

Figure 7-18. Earth’s bulge.

a
SEMI-MAJOR AXIS

AT EQUATOR



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

HEIGHT\

Figure 7-19. Reference heights.

_SPHEROIDAL
HEIGHT
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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 curve because they are perpendicular to
the gravity field and hence lines aA and 6B
are shown slightly curved in the figure. It also
means that length @A does not equal 4B 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 (6B —
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 has been derived
that accounts for the linear change in height
and change in the gravity field. The result is a

/TOPOGRAPHIC SURFACE
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Figure 7-20. Orthometric problem.
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Table 7-7. Adjusted surface gravity, leveling elevations, geopotential numbers

Leveling Geopotential
Surface Gravity Elevations Number
Station (milligal) (m) (geopotential unit)
Corvallis, OSU-PC 980573.14* 77.142 75.643
BT 980 575.49 71.337* 69.951
Ub4 980573.21 76.787 75.295
Corvallis, OSU-KL 980573.81 73.336 71911
College 980573.31 72.219 70.816
RM2 College 980 573.28 71.880 70.484
RM1 College 980573.28 72.757 71.344

*Fixed from published data before adjustment.
' Fixed through leveling observations.

geopotential number
GPU = [ gdn
A g

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
TBm 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 787 of 69.951. This number
better expresses the leveling condition at 787
than the given elevation, but a great deal of
work must be expended to determine an ad-

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 rever-
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-



erly test and adjust equipment, the following
rules should be followed:

1. Perform 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 firmly 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. Testfit 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. Perform 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 performed.

7. Refer to the instrument manual for any spe-
cial adjustments. This is especially true for
theodolites and automatic levels.
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8-3. BREAKDOWN OF
ADJUSTMENTS

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. Gen-
erally, 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

Axis

Figure 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.

Soa
=

i ]

XX

I

N
bog

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 84.

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

- 5 Line of Sight
- . Bubble Tube Axis
Vertical
Axis

Figure 8-3. Axes relationship of a level.
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Figure 84. 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 observer’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 observer’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 surveyor 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,
surveyors 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.

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 90° to place the bubble tube over the
remaining pair of leveling screws and again
center the bubble. Rotate the instrument 180°
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 90°
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.

- B'

C'

A-A"
B-B'
c-c'

Figure 8-5. Dumpy level.

Line of Sight
Bubble Tube Axis
Vertical Axis



Line 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 error 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.

\WZR

B
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

:
<)

D'

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.



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 tube hori-
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. Automadatic Level:
Preliminary Adjustments

Preliminary adjustments 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 screws
are well-shielded, the cross hairs will stay in
adjustment 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 adjustments: (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
adjustment, 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 adjustment 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 of Sight

The purpose of this adjustment is to make
the line of sight perpendicular to the instru-
ment’s vertical axis. The test and adjustment
procedure are the same as those used for the
dumpy level line-of-sight adjustment (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 adjustment 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. Tilting 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 88. 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 axis 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 B and C
will coincide exactly.

If B and C do not coincide, the true exten-
sion of the straight line will pass through a
point D halfway between B and 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
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Figure 89. 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. After 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 B and 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 clamp. Loosen-
ing the clamp and turning the adjusting screw
shifts the horizontal axis.

To determine the required length of move-
ment, mark a point D halfway between B and
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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check the adjustment by repeating the test.
After 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

__.[3,.__
D

Figure 8-10. Horizontal-axis adjustment.
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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 180° 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.

Line 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. Tribrach

Tribrachs are the most versatile of surveying
instruments and should be periodically tested
and adjusted. Tribrachs use a circular bubble

for leveling and may or 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 striding 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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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, ABCDE 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, ABCDEA 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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Figure 9-2. (a) Geometrically open, mathematically closed traverse. (b) Geometrically and mathematically closed
traverse.
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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
0 + 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 + 14.3.

Directions of traverse lines can be deter-
mined relative to a reference direction (such
as north) by reading bearings or azimuths, or

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)

213°33" _-

A

Figure 9-3. Deflection angle and an angle to the right.

33°33'R



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

3 is

3 =(n - 2)180° (9-1)
where 7 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 3 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
2. The numerical difference between the
computed sum and 2 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 ¢
can be computed using the formula

c=Kn (9-2)

where 7 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
1’ 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 1’ 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.

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.

Latitudes and Departures

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 of latitudes and departures
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Station Bearing Length (ft) Latitude (ft) Departure (ft)

A
$56°25' W 647.25 —358.03 —539.21

B
N 32°00'E 300.95 255.22 159.48

Cc
N28°52' W 318.18 278.64 —153.61

D
N82°02'E 555.02 76.92 549.66

E
$3°49'W 252.61 —252.05 —-16.81

A
2074.01 +0.70 -0.49

Linear misclosure = V/(0.70)? + (- 0.49)% = 0.85 ft.

Precision = 0.85/2074.01 or 1/2400.

9-4-2. Traverse Balancing

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, (8)
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-
dall and leastsquares 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

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

= - 9-3)
absolute sum of latitudes
Adjustment in departure AB
Departure misclosure
Departure of AB
(94)

Absolute sum of departures

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
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latitude and departure adjustments, and vice
versa, as shown in the following formulas:

Adjustment in latitude AB

Latitude misclosure

length of AB

=— (9-5)
perimeter of traverse
Adjustment in departure AB
Departure misclosure
length of AB
= (9-6)

perimeter of traverse

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

positive; 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.,

V(-358.25)% + (—539.06)% = 647.25 ft

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

Cc
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 0.00 0.00

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 $56°24' W
’ 255.12 159.55 300.90 N32°01'E
¢ 278.53 —153.53 318.04 N28°52' W
P 76.73 549.79 555.12 N82°03'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, $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 comput-

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



164 Traversing

(xpyl)

(x, + departure4 g,
n+ latitude 4 g)

Latitude, 5

Departure 4 g

Figure 94. 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 94. Computation of station coordinates

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-

Station Latitude Departure N-coordinate E-coordinate

A 2000.00 1200.00
—358.25 —539.06

B 1641.75 660.94
255.12 159.55

(o 1896.87 820.49
278.53 —153.53

D 2175.40 666.96
76.73 549.79

E 2252.13 1216.75
—252.13 —16.75

A 2000.00 1200.00

All values are in ft.



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. After 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
BC 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

E

Figure 9-5. Illustration of missing data.
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work are thrown into the computed bearing
and length of the ‘““unknown” line, so survey-
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 surveyed,
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) + (233.40)*

= 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 S8°22' E.

9-7. AREA COMPUTATIONS

One of the reasons for running and comput-
ing closed traverses is to define areas. Land is



Figure 9-7.

Illustration of missing data.

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 ft>. When distance is
measured in meters, area is computed in
square meters or hectares: 1 hectare = 10,000
m?. 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

167

Traversing

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

Station Bearing Length (ft) Latitude (ft) Departure (ft)
A
x y

B

N 32°33' W 655.75 552.75 —352.82
Cc

N 4°44'W 737.70 735.18 —60.87
D

N 39°20"'E 300.22 232.21 190.29
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Figure 9-8. Illustration of computation of meridian distance.

the meridian distance of line AB, and GE the
meridian distance of line BC. Mathematically,
the meridian distance of BC is equal to the
meridian distance of AB, plus half the depar-
ture of AB plus half the departure of BC.

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
BC is equal to the DMD of AB plus the
departure of AB plus the departure of BC.
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 corner, 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 96. 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 BC determined
by adding the DMD of AB, departure of AB,
and departure of BC,

—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
ft?, 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
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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 jy-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-

Station Latitude (ft) Departure (ft) DMD (ft) DMD X Latitude (ft?)
A
—358.25 —539.06 —539.06 193,118
? 255.12 159.55 —918.57 —234,346
¢ 278.53 —153.53 —912.55 —254,173
? 76.73 549.79 —516.29 —39,615
5 —252.13 —-16.75 16.75 —4,223
A

—339,239
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ence between adjacent jy-coordinates. This
process can be expressed in equation form as

A =[x(y; —y,) + x5(ys =)

+ o tx,(y, —y,-D1/2 -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, ie., x,y,, X595, €tc.,
and (2) up to the right, i.e., y,x,, y5 x5, €tc.

Xy X9 X3

Y1 Y2 s I N

X, X

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 94 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

(2000.00)(660.94)
+(1641.75)(820.49) + ...]

[i.e.,

is 9,283,530, and that of products taken up
to the right

(1200.00)(1641.75)
+(660.94)(1896.87) + ...] = 8,944,292

[i.e.,

The difference between sums is 9,283,530 —
8,944,292, or 339,238. Thus, the traverse area
is 339,238 /2 = 169,619 ft2, 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 straightline 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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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, 94,
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 crosssection 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 DRAFTING

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
1 1 0 1 Mie
e —— s ———— s eaas——a-—————————————————— ]
1000 500 0 1000 2000 Meter
CE e =1 ————————
1000 500 0 1000 2000 Yards
o — - ————= ————————— |

Figure 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) Lay out 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.

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

Table 10-1. Selection of map scales
Equivalent Representative
Type of Map and Use (ft per in.) (ratio, 1/...)
Design
Civil improvements 10-50 120-600
General construction 40-200 480-2000
Property /boundary 50-500 600-6000
(dependent on figure size)
Topographic/planimetric
Small site 10-50 120-600
Large site 40-200 480-2400
Urban 200-1000 2400-12,000
Regional 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.

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.

Plotting Control

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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Figure 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

&
9] / \ 85* 57'30°
vine GmovE 4 ¢ s
excicia 1 mr

maocLIFF 21 Ml
cLIzaBETHTOWN 14 M1

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 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
€rrors cannot occur.

10-7-5. Alternate Methods of
Plotting 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 104. 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. Plotting 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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principal characteristics are as follows:

Contour lines spaced closed together repre-
sent steeper slopes; lines farther apart indi-
cate a gentler slope.

Uniform spacing of lines represents a uni-
form, even slope.

Mounds or depressions are portrayed by
closed contour lines. Depression contours

Circular Compass Protractor

Isometric Protractor

Academic Profractors

Figure 10-5. Surveying engineering protractors. (Courtesy of Alvin & Co.. Inc.)

will have inward-facing, radial tick marks to
avoid confusion.

Contour lines always close.

Contour lines never cross or merge into
each other, except, e.g., in the case of over-
hanging rock ledges.

Contour lines are perpendicular to the di-
rection of the represented slope.
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Chord = 2R X SIN 1/2 Central Angle,

Figure 10-7. Construct angle: Chord method.

187



188 Survey Drafting
X 207.6
207
Closer Lines

(Steeper Slope)

206

"V" Indicates
Gulley

205

Lines Further Apart
(Gentler Slope)

204
—/

Figure 10-8. Characteristics of contours.

10-7-8. Plofting Contours

When detail plotting is completed, the map
sheet will showplanimetric 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.

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-



Table 10-2. Selection of contour interval
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Equivalent Scale Contour Interval
Use of Topographic Map (ft per in.) (in ft)
Smaller sites 10-50 1-5
Larger sites 40-200 1-10
Urban 200-1000 2-20
Regional 500-2000 5-100

tween any two elevations is constant, and
therefore, intervals in elevation will translate
to horizontal distances. As illustrated in Figure
109, 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 interpolation. 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.

10-8. 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 l-in. grids divided
into 0.1-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 lay out 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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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
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Figure 10-10. Clear plastic interpolator (may be rotated
to fit the distance between two controlling points of eleva-
tion).

0

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

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-built 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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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

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 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 10-14; 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

Subdivision Maps



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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INFORMATION SHOWN ON
MAPS

10-10.

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.

Map scale should be indicated both as a
statement—e.g., 1 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.

Scales

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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PLAT OF

CARNATION VILLA

LOTS I3 ¢ 14, CAMELLIA ACRES (15BMa2l)

CITY OF SACRAMENTO,
JANUARY, 1986

CALIFORNIA
SCALE: I"=40'

TIMOTHY S. TRAIN, LAND SURVEYOR

SHEET 2 oF 2

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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Figure 10-15. Portion of a typical parcel map. (Courtesy of Timothy S. Train.)

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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Figure 10-16. Portion of a record of survey map. (Courtesy of Timothy 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.

z
t e c
= "
: Q¥ cxoot

N

_

—T—  FONE U GRID

=
an =
s

)/

Survey Drafting 197

Figure 10-17. Statement of scale
placed on map. (Courtesy of Timo-
thy S. Train.)

10-10-5.

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-

Notes and Legends
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Figure 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 1022 for an example).

10-10-6. Symboils

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 l-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
l-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 righthand border. On maps that are not
required to match others on one or more
sides, the meridian can be rotated to accom-
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Figure 10-20. Kroy 190 Lettering System and typical text. (Courtesy of KROY Inc.)

TOPOGRAPHIC SURVEY

BLOCKS BOUNDED BY QR,21-"+>23% STREETS

CITY OF SACRAMENTO, CALIFORNIA
DECEMBER, 1978 SCALE © I" = 20"

SHEET | OF 2 SHEETS

TIMOTHY S TRAIN ~ LAND SURVEYOR

Figure 10-21. Typical title block for map. (Courtesy of Timothy S. Train.)
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SCALE : |"=40'

LEGEND

& SET 1/4"OD. IRON PIPE MON. TAGGED LS 2457.

° FND. 1" O.D. IRON PIPE MON. TAGGED LS.3423,
UNLESS OTHERWISE NOTED.

FND. ¥2" REBAR MON. TAGGED RCE 17918.
DIMENSION POINT ONLY.

FND. 2 '/2"CAPPED IRON PIPE (UNMARKED) PER
UNRECORDED SURVEY BY L.5.3423 NOV. 24.,1971.

DIMENSION PER UNRECORDED SURVEY
BY LS. 3423, NOV. 24, 1971 .

x> @

NOTES

I PROPERTY DESCRIBED AS PARCEL A, IN
CERTIFICATE OF COMPLIANCE RECORDED
IN BOOK 860129, OFFICIAL RECORDS, AT
PAGE 578.

2. PROPERTY DESCRIBED AS PARCEL B, IN
CERTIFICATE OF COMPLIANCE RECORDED
IN BOOK 860129, OFFICIAL RECORDS,
AT PAGE 578.

Figure 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

LEGEND
ROAD DATA 1953
In developed areas, only through roads are classified

Hard surface, heavy duty road, four or
more lanes wide

4 LAN”I! LAﬁls
Hard surface, heavy duty road: Two lanes

wide; Three lanes wide L lANES
Hard surface, medium duty road, four or

more |.m Viid. 4 LANI‘SI( LANES
Hard surface, medium duty road: Two lanes

wide; Three lanes wide s LANES
Buildings . 9 B
RAILROADS ) )

Standard gavge Single track  Muitiple track

Narrow gauge

In street

Carline
BOUNDARIES

National

State (with monument)

County

County subdivision
Corporate limits
Military reservation
Other reservation

Figure 10-23. Sampler of symbols.

Improved light duty road, street

Unimproved dirt road zzz=======
Toail —— -
Route markers: Federal; State @ @

Barns, sheds, greenhouses, stadiums, etc. . o &
Bench mark, monumented BM x 792
Bench mark, non-monumented X431
Spot elevations in feet: Checked; Unchecked ___  x /68 */68

Light, lighthouse; Windmill, wind pump; Water mill * s X

Woods or brushwood GREEN {l:____—]

Vineyard; Orchard

Intermittent lake

Intermittent stream; Dam
»Marsh or swamp __ 3LUE

Rapids; Falls

Large rapids; Large falls




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.

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.

Copying 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 cathoderay 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

ot

Misorientation in all or portion of a plot
6. Inappropriate choice of drafting media

10-17. MAPPING STANDARDS AND
SPECIFICATIONS

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-
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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
(1 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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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.!

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 publicland survey field notes for
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triangulation across a lake:
Field Record Chains Final Field Notes
°29’ 27.80 To the south shore of Grand Lake, bears N 62° E
At A = 18°09'40"(~02") and S 48° W. Set an iron post, 3 ft long, 1 in. in
945°13" diam., 28 in. in the ground, for meander cor. of
At B = 81°44'20"(—09") frac. secs. 13 and 18, with brass cap marked. To
make a triangulation across the lake, I designate
240°19'  80°06'20"(—09") the above meander cor. point A and set a flag B
AtC 3 = 180°00'20" (—20") at point for meander cor. on north shore of lake,
also a flag C on the north shore that from point
A bears N 18°09'38" E; the base BC 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 C = 80°06'11"; all
angles by three repetitions with error of 0'20"
balanced to 180°. Distance across lake = 51.92
ch.
sin 80°06'11"
Dist. = 16.427 ———————
sin 18°09'38"
log 16.427 = 1.215558
" sin80°06'11" = 9.993488
1.209046
" 5in 18°09'38” = 9.493710
" 51.92 = 1.715336
+27.80
79.72 79.72 The north shore of lake, bears S 82° E

and N 75° W.

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-

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 FIGURES

(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,

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 corners 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, 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 R, value will be so large as to be of little value as a check on lengths
computed through the R; triangles.

(D) Three-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-sided 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 foursided 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, (0), except
that the central point falls outside the figure. The strength factor is 0.64.

(G) Five-sided central-point figure with two diagonals.—This figure is an overlap of a 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 central-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.

Figure 11-1. Types of figures used in triangulation and strength factors. (Manual of Reconnaissance for 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 Reconnaissance for Triangulation, special Pub-
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lication No. 225. 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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€(NO.2)

H Figure 11-1. (Continued).

Management and Budget (OMB), published
Classification, Standards of Accuracy, and General
Specifications of Geodetic Control Surveys.® 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-order 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 Asrequired.  As required.
principal stations seldom less than seldom less than seldom less than 5
15 km. 10 km. Other km or as required.
Metropolitan surveys 1 to 3 km
surveys 3 to 8 km or as required.
and others as
required.
Strength of figure
R, between bases
Desirable limit 20 60 80 100 125
Maximum limit 25 80 120 130 175
Single figure
Desirable limit
R, 5 10 15 25 25
R, 10 30 70 80 120
Maximum limit
R, 4 10 25 25 40 50
Ry 15 60 100 120 170
Base measurement
Standard error 1 partin 1 partin 1 partin 1 partin 1 part in
1,000,000 900,000 800,000 500,000 250,000
Honizontal direction
Instrument 0".2 0.2 02} {10 1.0 1.0
Number of positions 16 16 8 }or{12 4 2
Rejection limit from mean 4" 4" 5} {5 5" 5"
Triangle closure
Average not to exceed 1.0 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".8 2"
Astro azimuths
Spacing-figures 6-8 6-10 8-10 10-12 12-15
No. of obs./night 16 16 16 8 4
No. of nights 2 2 1 1 1
Standard error 0".45 0".45 0".6 0".8 3".0
Vertical angle observations
Number of and spread
between observations 3D/R-10" 3D/R-10" 2D/R-10" 2D/R-10" 2 D/R-20"
Number of figures between
known elevations 4-6 6-8 8-10 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 partin 1 partin 1 partin
should not exceed 100,000 50,000 20,000 10,000 5000

Source: 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 km 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-order, 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-order, 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:

1. Specifications for Instruments

Classification Type of Instrument

First-order Optical-reading theodolite mi-
crometer readings, smaller than
1 sec, Examples: Wild T-3 and

Kern DKM-3.

Optical-reading theodolite mi-
crometer reading of 1 sec. Ex-
amples: Wild T-2, Kern DKM-2,
and Zeiss Th-2.

Second-order
class I and II

Third-order Good-quality 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 Number of Observations
First-order 16*
Second-order, class I 16*

8 with 0'.2" instrument*
12 with 1”.0 instrument*
4 with 1".0 instrument*
2 with 1”.0 instrument*

Second-order, class II

Third-order, class I
Third-order, class I1

*To minimize collimation circle errors and micrometer irreg-
ularities, initial settings utilizing the entire circle are neces-
sary. (See Table 11-2 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

Rejection Limit

Classification from Mean
First-order +4"
Second-order, class I +4"
Second-order, class IT +5"
Third-order, class I +5"
Third-order, class I +5"

(Continued)



210 Triangulation

Table 11-2. Circle settings: directional theodolites

Two positions of circle
10-min
Micrometer Drum

1 0° 00’ 10”
2 90 05 40
Four positions of circle

Wild T-3
5-min 10-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 & R and 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 IT
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
1 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
1 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 IT 5".0 10".0

*This is a simple field check to indicate the accuracies of
triangulation observations.

11-4. PLANNING

After 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.

After 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

B (f) = 0.574M2  (mi) (11-1)

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

M2
h= 0.574(—2—) (11-2)
in which % 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

k2
h (m) = 0.0675(5) (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.
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Table 114. Correction for earth’s curvature and refraction
Distance Correction Distance Correction Distance Correction Distance Correction
Miles Feet Miles Feet Miles Feet Miles Feet
1 0.6 16 146.9 31 551.4 46 1214.2
2 2.3 17 165.8 32 587.6 47 1267.7
3 52 18 185.9 33 624.9 48 1322.1
4 9.2 19 207.2 34 663.3 49 13877.7
5 14.4 20 229.5 35 703.0 50 1434.6
6 20.6 21 253.1 36 743.7 51 1492.5
7 28.1 22 277.7 37 785.6 52 1551.6
8 36.7 23 303.6 38 828.6 53 1611.9
9 46.4 24 330.5 39 872.8 54 1673.3
10 574 25 358.6 40 918.1 55 1735.8
11 69.4 26 388.0 41 964.7 56 1799.6
12 82.7 27 418.3 42 1012.2 57 1864.4
13 97.0 28 4499 43 1061.0 58 1930.4
14 1125 29 482.6 44 1111.0 59 1997.5
15 129.1 30 516.4 45 1162.0 60 2065.8

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
—— — 0.574d,d, (11-4)
d, +dy

e=e + (e5— )
where
e = elevation of the line at obstruction (in
ft)
e, = elevation of the lower station (in ft)
ey = elevation of the higher station (in ft)
d, = distance from the lower station to ob-
struction (in mi)
d, = distance from obstruction to the
higher station (in mi)
0.574d,d, = 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-

struction, use the following formula:

e =20+ (90*20)(3—:—,5

— 0.574(3)('7)

where ¢ = 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 R, indicate that the strength of figure
through the best-shaped triangles and second-
best-shaped triangles, respectively. The sum-
mation (L)' of the R, and R, 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

D-C
= ——D—(A2 + AB + B?) (11-5)

where

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:

C=(n"=-s'+1D+n-25+3) (11-6)

where
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+D+B-23)+3)=1
D-C
c 4

In the strength-of-figure formula, D — C/D
is referred to as the strength factor and given
for the various figures listed in Table 11-1. The
values for 82 + 8,8, + 85 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, R, to
required side OP.

Possible schemes are (1) (MNP, NOP), (2)
(MNO, MOP), (3) (MNP, MOP), and (4)
(MNO, NOP).

D=10andC=(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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