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btudents with a variety of goals will find this text useful: tradesmen starting
their own businesses, engineering studentsin thefirst two yearsof their program,
construction techniciansin a self-study program in estimating and engineering
economics, and "' Night School™ studentsintent on personal upgrading.

This text evolved from a one-semester course given to two-year Construction
Management students. Half the students had worked in the construction industry
and the rest came directly from secondary school or trades training. The course
materia started at an introductory level because most students had no background
in planningor operational thinking. The teaching materialsevolved each year (over
a twenty-five-year period) as the result of student comments and other feedback,
culminatinginthistext. Moreover, an advisory committeeof constructionmanagers
reviewed the material over thislong period.

The book is about the basic scheduling of projects. It does not consider the
connectionsto budgeting, cost control, or the many other disciplinesthat require
a schedule as a base becausethere are many good texts that deal with these sub-
jects. Theexampleshavea construction focus but the techniquesapply to any kind
of project from theatrical productionsto military maneuvers. There are over 150
illustrationsthat expand on thewritten descriptionsin thistext. Becausecomputer
programs are nearly completely pictorial, the book subliminally introduces the
visual approach to scheduling.

Therearefour general sectionsin the book: Project Definition, Basic Building
Blocks for Scheduling, Refining a Schedule, and a final segment on Computer
Assistanceand Communications. The content developsorganically, followingthe
natural evolutionof a schedulefrom defining the project's objectivesthrough toa
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schedulefor ordering materials. The techniquesdescribed in one chapter become
the basicinput data for applying the techniquesdf the ensuingchapter.

Thetechniquescovered in thetext are of the pencil-and-papervariety. | believe
that the principlesof scheduling must be*'learned by doing™ before one can gradu-
ateto the sophisticated world of computer software. Thecomputer isa tool to ease
thedrudgery of mind-destroyingrepetitivecalculations, as| learned during15years
in the aircraft industry. Confidence in computer-produced answers derives from
understandingthe problemand knowingthedetailsof how thesoftwareisresolving
the problem. In the commonest case, most students believe their answer must be
correct becausetheir calculator displays8 or 10 digits. Thistext presents manual
methods but al so includesa chapter showing how a computer can be a tremendous
help in performing certainfunctions.

A novel techniqueis introduced for recording the precedence™logic™ among
thetasksof a project. It helpsidentify redundant precedencerel ationshipsand find
loops in the network of tasks, and it can mark in advance where dummy tasks
must beinsertedin Arrow networks. Thelatter has beenachallengeto studentsfor
some time. Also, it can clearly identify groups of tasks as candidates for sub-
projectswell beforethe network isdrawn.

I must acknowledge severa friends and colleagues who helped me in this
labor: Keith Collier, an author, who suggested | write this book and who intro-
duced meto Delmar Publishers; then Jeanne Mesick of Delmar who wastrail boss,
forcing meto keep up with the other wagons, Stewart Graham, anold friend, who
finished his first book at 81 and jollied me along during the long winter; Evan
Stregger, a construction consultant who provided solid adviceand good construc-
tion example projects; Marsh Price of Douglas College's helpful staff, who pro-
vided computing support and timely advice; the several hundred students who
criticized and questioned meover several good years, and lastly, onavery personal
level, my long-sufferingwifeaf forty yearswho respected thiswritingcommitment
asmy first priority and seldom hinted that other things might be more important.
Thank you, Jean.

H F WNaylor
Vancouver, Canada
May 1994
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INTRODUCTION TO THE
PLANNING OF PROJECTS

LEARNING OBJECTIVES
After completingthischapter, you should beableto:

Discuss the meaning and purposesadf planning.
Differentiatebetween plansand planning.
Ligt the different kindsof communicationsproduced by planners.

PREPARATION FOR THIS CHAPTER

This book describesa seriesof techniquesfor preparing a time-based schedulefor
a project. Even though the material isfundamental in nature, it assumesthat you
know the terms and generd aspectsdf the industry whaose projects you want to
study. If you haveworked in that industry in almost any capacity, you should be
abletostart at the beginningadf thisbook and add to your knowledgeand skillsto
help you gain entry into more responsible positions.

Typical job descriptionsfocuson theroleand responsibility associatedwith a
particular job, but many descriptionsalso include the attitudes and aptitudesre-
quired of a successful applicant. This applies aso to the job of learning: as you
begin thisbook, your immediate™job™ isto learn about scheduling, but thelearn-
ing process should aso help you to appreciate those attitudes and aptitudesthat
enhanceyour ability to learn.

Positiveattitudesand an optimistic natureare conduciveto efficient learning.
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Keep your mind opento new ideasand methodsand initialy accept them at face
vaue. After all the argumentsand discussion have been presented, then you can
fairly judgetheir worth.

Aptitude, ontheother hand, isa natural or acquiredability; if you haveit, you
aresuited to thetask at hand. Y our curiosity should forceyou look for acceptable
processes in the things you do; you should be capable of visualizing the bigger
picture from its many details; smple mathematical formulas should not frighten
you; listeningand conversational skillsshould benatural to you asyou usethemto
obtain information, and clear writing that displays an adequate vocabulary will
always be one of your strong assets.

INTRODUCTION

Thisopening chapter introducesyou to thesubject of planning, that is, the making
of plans. Wewill study the meaning of thosewordsthat have been borrowed from
common usage and given special meaning by the construction industry. We must
broaden our interpretation of these words to gain morefrom the ideas presented
here. However, we must first set the stage before we can act out the detailed
conceptsin each chapter.

WHAT PLANNING IS ABOUT

Planning is concerned with only the future. It is obvious that the past becomes
history with the relentless passage of time. By tomorrow, today's activities will
becomethe past and their history will bethe written record of someone's opinion
of what happened. Many of us study a particular author's view of history and
realizethat the picture he presentsisseldom perfect. Thefuture, ontheother hand,
intrigues usall and we often havea desireto affect how it should unfold. Wefirst
hear of theworld's surprisesbecauseof the steady stream of reportsfrom the news
media. Most of theseeventsare out of our control, but if by chancewealready had
prior knowledge about them, we are not surprised and do not consider them
"news." Wemakeplanstotry to preventany surprisesinour ownwork that could
turn our failingsinto news. " TheTown Center Roof Collapseson Opening Day"
is not a headlinewewant to read if we had a part in buildingit.

When we construct traditional buildings, we optimistically expect the project
to be successful, with perhaps only one or two challenging surprises. But thisis
wishful thinking. Weshould try not to be pessmistic, but we should also bewary
and be ready to confront deviationsfrom our origina plan with a Plan “B.”

You might say, "Why should we make al these plans, when we have done
something like this before?” Think about the old saying that helps usto improve
the way we work: "' Experience comes from Good Judgement, but Good Judge-
ment comesfrom Bad Experiences.”
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To rely solely on the good experiences of the past does nothing to prevent
surprisesthat give usbad experiencesin thefuture. The pre-thinkingwedofor our
project familiarizesuswith al itsinner workingsand susceptibilityto problems.

Before your project starts, you will often be criticized for over-planning.
"Why not just get on with the job,” the criticswill say. Most planners will think
otherwise becausethey aredriven partly by asensecof responsibilityand an appre-
hension of danger that makesthem want to minimizerisk (theremight also bea.
fear of failure). In more positiveterms, they might be motivated by what could be
cdled "thedrivefor personal success.”

Thereare many positivereasonsfor acceptingresponsbility. Most challenges
in life require a positive drive to resolve them, but the fear of failure is always
lurking beneaththe surfaceof our plans. failureto completethe project, failureto
make a profit, fear of wasting valuabletime, fear of personal embarrassment and
lost credibility, and failureto miss valuableopportunities. We must do sufficient
planning to reducetherisk of these surpriseshappeningand to submergethefears
so they do not affect our behavior. The riskscan never be completely eliminated,
but they can be reduced to levelswe can defend when challenged by the impatient
onlookers.

This book then is about how to make practical plans for construction that
anticipate many traditional problems, thereby reducing the risk inherent in

= organizinggroups of strangers,
= expediting distant suppliersof resources,
= constructing buildings under changeableconditions.

WHY PLANS ARE MADE

"PLANS" does not mean only the set of drawings and specifications; it means
THE PLAN that describes how we will bring together those many people and
things that will make real the dreams illustrated in the drawings. These plans
include data and information in memos, pamphlets, reports, computer disks, and
printed computer output sheets.

A completepre-thinking of a project producesits schedule, which isthe most
concise description of the project. It distillsall of thisthought into a highly con-
densed model that can be displayed on only a few pages. Alternatively, a poorly-
thought-out plan based only on gut feelingswill not anticipate many problemsand
can turnyou into a crisismanager who movesfrom onecrisisto the next with the
growing likelihood that you will not meet crucial objectives.

Was the Project Successful?

Other than the risk aspect, there is a more fundamental reason for planning,
because without a plan how will you know whether your project turned out to be
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a''good one* or a'*bad one"?There are several subjective measuresfor making
this determination:

= Didit cost more than your client thought it should?
m Did it take too long to complete?

Theseand other possibleaccusationsareimpossibleto counter without solid data
derived from your plan, particularly when the plan was accepted by the client.
Y our future businessdependsto a great extent on your history of good perfor-
mance—*“bad press” can destroy your professional imageand your business.

Too Much Planning?

From an economic viewpoint most projectscan beover-planned. Thelaw of dimin-
ishing returns appliesif your extra planning is shown to cost twice as much as the
potential savingor failsto reducetherisk. Management must consider the trade-of f
of spending planningdollarsin the hope of savingmoreconstructiondollars.

M ost companieshaveonly alimited timeto developa bid on a project because
only one bid in ten may win. Estimatesand bidsfor straightforward projectscan
be quickly and confidently prepared when it is kept in mind that a detailed, low-
risk plan can be developed after the contract is won. Alternatively, complex
projectsor projectsnew to you or your company must be thought out carefullyin
advanceto lower the risksand improvethe chancesof success.

WHO NEEDS A PLAN?

Planning is not an aimless, part-time activity; nor isit an end in itsalf. Itsgoal is
successand its product iswritten information. The drawingsand reports that are
produced areaimed at a variety of workerswho areall working toward the same
god: toconstruct aneconomical, safe, useful, and efficient structurefor the owner
and its occupants. Planning reports can range from simple one-page memos or
tablesof datato severa volumes, each aimed at specificusers. Thus, the effective
planner must know enough about the needs of the targeted users to be able to
communicate clearly with them.

As the planning evolves, more and more people of differing responsibilities
have a need-to-know about specific aspects of the project. For each proposed
project, senior management and company directors must know the expected im-
pact of thefollowingaspectsof the project on their firm:

its profitability
= degreeof commitment of the firm's financial and material resources
m the project's consistency with the firm's aspirations and mission

Whentheinitial planningsupportsthe development of a potential project, senior
management authorizes more detailed planning. The results of deeper and deeper
levelsof planningwill be distributed to moreand more people. Someexamples:
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» Desgnerswill requirecontinual feedback.

= Government agencies need confirmation of compliancewith bylaws.

m Trade journaswill want status reportsso that they can aert the business
community to theszeand timing of new projects.

= Progpectiveon-site superintendentswill need to becomefamiliar with the
project to provide construction know-how to the designers.

= Senior management needs progress reports to ensurethat progressis con-
sistent with the original mandatefrom the Board of Directors.

Almogt all planning must be documented and, as planner, you will beexpected
towriteawidevariety of reports becausedf thevarying leve of detail required by
thosewith a need-to-know. Somereportswill be very detailed whereasotherscan
be quite generd. Without knowledge of the readers needs, effective reportsare
difficultif not impossibleto write.

EXAMPLE PROJECTS

Theseintroductory remarksset thestagefor presenting moredetail and definitions
of thetermsthat you must appreciatein the context of planningfor construction.
We will need examplesdf projectsto do this, such asthe two that follow:

1. Planninga trip acrossthecontinent will introduce new termsinafamiliar
subject area.
2. A construction project of a modest industrial warehouse.

Thegod isto providerdatively smple examplesthat explain the techniques
without getting bogged down in large amountsof data. A persistentdreamisto
find the universal example that is ussful for beginnersas wel as experienced
planners. Diverted by suchadream, it would beeasy to missthegoad of the book,
which isto explain the processessmply.

Planning a Trip Across the Continent

A highway route bresksdowninto natural ssgments (town-to-town, and soforth),
which readily transformsinto a network of shorter trips. It isa good model for
introducing thespecia termsaf scheduling. Themapisa network of routeslinking
stopping points which can be redrawn as a network suited for analysisas a sched-
ule. The redl-life meanings of the graphical symbols usad in the drawings should
become immediately recognizable. The routeis shown in Figure 1-1.

Planning the Construction of a Small Warehouse

| studied severd real plansfor red projects beforedecidingon this uncomplicated

warehouse for light industry. However, even this smple project becomes a bit

unwieldy at a later stagewhen material resourcesare considered in Chapter 8.
The project for many of the examplesis the constructionof a Multi-Tenant
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Figure 1-1  Map of the Transcontinental Trip.

Light Industrial Warehouse. |nformation sufficient for our applicationappearsas
needed in each chapter, but drawingsand a short descriptionappear hereto assist
usin getting started. The student will find it absolutely necessary to becomevery
familiar withall detailsdf this project by studyingthesedrawingsand by indepen-
dently working through all the examplesasthey are presented.

This project can be expanded to satisfy the more adventurous planner by
including the interior space layouts, extending the length of the building, or re-
peating the single building to producean industrial park. The basicformand data
allow for this. A generd view of the buildingisgivenin Figure1-2.

Thewarehousewas planned to be built on asmall parcel of land near a deep-
sea terminal where there isa market for small warehousingspace for trans-ship-
ment of goods. Thesite had been extengively filled sometimein the past when this
coastal area wasinitially developed.

The buildingwasto be built in two phases: first theshell and | ater the custom
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Figure 1-3
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interior partitions. The singlestory (exceptfor interior office space) covers 6650
square feet. The structure is quite conventional . Figure1-3 showsthe floor plan.
Moredetail isgivenin Appendix A.

SUMMARY

As scheduling relies heavily on graphical representations o data, one of our first
taskswill be to adopt a graphical "'language’ to express our ideas. Chapter 2 ex-
plainsa specific method of describing projectsin pictorial form. The graphical pre-
sentation may remind you of a drawingof a company's organizational structure.

Chapter 3 develops symbolsfor the basic building blocks of scheduling dia-
grams. The next nine chaptersshow how to develop and refinea scheduleto antici-
pate the many time constraintsand delivery demandscommon to most projects.

Chapter 12 illustrates how several of the manual methods covered in the
earlier chapters can be made easier by using a computer; the last chapter is an
overview and guidefor writingand compilingthereports that arethereal fruits of
planning. After all, what useisa plan if no one knowsanything about it or cannot
understand the information distributed by a planner?

This book is not intended for the experienced scheduler or computer whiz. It
has been designed for the student who isfamiliar with the general working of his
industry but who needsto beintroduced to theideasand techniquesof scheduling
from the very start. This book attempts to help the planner who is a beginner
develop arational systemfor planning a project and help him or her explain the
scheduleto others.

EXERCISES AND PROBLEMS

1 Makealist of theskills, attitudes, and aptitudes that will help you learn
and appreciate the subjectof schedulingand then objectively rateyourself
in each category. Befair to yourself and determinewhich items on your
list require upgrading to increase your chances of success in mastering
these basic techniques.

2. Consider plansyou have madein the past for a project that did not satisfy
you. How would you changetheway you went about making those plans
if you were making them now?






CHAPTER

LEARNING OBJECTIVES
After completing thischapter, you should be able to:

Identify and write goal and objectivestatements.
Demonstrate familiarity with the Warehouse Project.
[llustrate severa applications of a WBS
Demonstrate decision-makingtechniques.

Develop a WBSfor a familiar project.

PREPARATION FOR THIS CHAPTER

This material introduces new terms and discussestheir meaning in terms of con-
struction-related situations. Y ouwill be helped by your knowledgeof construction
projectsand your skill ininterpreting drawingsand charts. Y ouwill berequired to
have good pencil skillsfor making neat and clear drawings and charts.

INTRODUCTION

In this chapter, we will look at the way a project can be divided into its basic
construction elementsand then how to concisely display thewholeproject inwhat
is known as a Work Breakdown Structure (WBS). (The abbreviation appears
throughout this book.) As a project's planner you must be aware of al compo-
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nents Of theconstruction projecttoensurethat al partsof thework are accounted
for and that their relationshipsto all the otherscan bedetermined. When you have
aconciseand neat WBS available, you can view the whole project at onceto plan
contracts, visudizethe scope of managerial responsibilities, and more effectively
explain aspectsof the project to others.

Toward a Schedule

A Work BreakdownStructureisthefirst steptoward constructingaschedule. Y ou
begin by precisdly writing a goal statement for the project and then successively
subdividingthat goal intosmaller and smaller portions until you haveidentifiedall
the basic construction objectives.

A large building project can readily be subdivided into severa hundred com-
ponents; one might bea 35-foot length of wall between pillarsH12 and H13 (on
floor #3).” The estimator would use the drawings and other data to accurately
calculatethe amount (and cost) of all the materialsin thiswall and then estimate
how long it will taketo build it. When all the elementsin the building have been
smilarly analyzed and the construction methods are known, the first draft of a
schedulecan be produced. The WBS starts this process by identifying all thecom-
ponents and then all the activitiesneeded to construct the building. There will be
more activitiesthan components because a component such as a " gas pipeline”
requiresat least thefour activitiesof ditching, laying, connecting, and backfilling
in itsconstruction.

WHAT DO WE MEAN BY THE WORD 'PROJECT"?

Thismay seemlikeatrivial question, especidly snceweareraisingit after wehave
used the word so freely aready, but a closer inspection should suggest severa
alternative meanings that will sharpen your thinking and enhance' your under-
standing aswelook deeper into thefirst stages of planning.

A dictionary defines project as "anything proposed or mapped out in the
mind, such asacoursedf action; i.e., a plan.”

In construction, we extend this dictionary wording of "*in the mind* toincludeall
the documents needed to manage the construction project. Such documents are
needed before, during, and maybeeven after the project's completion. The project
endswhen thecompany hasfulfilledall its responsibilities. When resourcesare no
longer being spent, the project is technically over for the company. Consider the
following example.

Most of us have dreamed about owning a famous sports car, but the dream
becomesa project only when we decideto spend resources and take action to get
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one. Whenwe haveacquired and paid for one, the project " To Own a Sports Car™
isover and full ownership responsibilities begin. With a construction project, the
materials and effort of the construction process consume resourcesand money
until the job iscompletely finished.

Precise Wording Is Required

A project must begiven a nameso that wecantalk and writeabout it. But to define
it precisdyfor the needsaf planning, we must expressit inthe proper terminol ogy of

agoal statement. If we had givenour god thetitle" SportsCar," themeaningwould
not be clear; it should more properly be phrased*'| Want to Buy a Famous Sports
Ca." The phrasing of thisgoa statement must minimize ambiguity by explicitly
statingtheaction (" tobuy™) that will be performed on the particul ar object (" sports
car'). It should beshort and sweet rather than long and cumbersome. The required
amount of detail will be added in further subdivisionsin the WBS

In parald withgoa statements, eachitem in theWBSmust be properly phrased asan
objective: it too must unambiguoudy define what is to be done. For example, asa
component of the Excavation work package, "' ditching' isan unsatisfactory way to
phrasean objective. Theterm hassevera quitedifferent meanings, amongthem"dig-
ging aditch," "abruptly leaving someone,"* and "' crashingan airplaneinto the sea"

Even in the context of construction the singleword " ditching™ can be misin-
terpreted. A correct and unmistakableuseof theword isto put it in a phrase such
as"'To excavate a ditch for underground services."

All objectivesmust beworded in suchaway that an action (averb)istaken on
something (anoun). For the ditching example, the action word (verb) is "To
excavate" and the object is "a ditch." Imprecise phrasing can confuse other
people, even though its meaning may have been perfectly clear to you when you
wroteit; it may not even beclear to you when you study your own work later. A
true objective should also include a time element, such as "' To Dig the Ditch by
Thursday," but until we incorporate durations, make a mental note that timeis
part of an objective.

WHAT CAN INITIATE A PROJECT?
A Community Need

It is useful to think about where the ideafor a construction project comesfrom.
Consider the scenario shown in Figure 2-1. Here, a community need could be
raised and publicized by thelocal media; that publicity stirsthecity administration
to develop a plan; your company then sees an opportunity that resultsfrom the



14 CHAPTER 2— THEWORK BREAKDOWN STRUCTURE
e, =
Society > ...................... I ANEED |
at Large 1S IDENTIFIED
__________ ZONING BYLAWS |
| MEETINGS HELD | |~ ENACTED
1 1
REPORT: ORT:
DEVELOPMENT DEVELOPMENT ELOPME
PROPOSAL PROPOSAL PR,
| COMPANY “A" . COMPANY 8" OMPANY “
[ J
]
REPORT: REPORT: DOCUMENTS:
FUNCTIONAL ARCHITECTURAL | | CONSTRUCTION | | OPERATING
PLAN AND DESIGNAND PLANS
SPECIFICS SPECIFICATIONS REPORTS REPORT
PROJECT | |OF PROJECT
| ST —l
! &
Depasimens BCURRRY

Figure 2-1 A Breakdown of Planning Documents.

change in zoning and developsa plan to build a specific project. The sequence
concludes with a building that would respond to the original need of society.
Often this sequenceis rearranged by a company that requests zoning changes so
that it can build to satisfy a client. There isan accepted sequencethat isfollowed
in these public processes.

Thischart is NOT a WBS because the items name the results of completed
activitiesrecorded in theform of memaos, reports, drawings, minutesof meetings,
newspaper articles, and so forth. To convert this chart into a WBS each name
must be rephrased as an activity to be done: for example, "ESTIMATING AND
SCHEDULING DOCUMENTS" would be rephrased to * TO ESTIMATE AND
SCHEDULE THE PROJECT."

A true WBS for the city's activities starts with the city's planning god at the
first level and proceedsto a satisfactory leved of detail needed to govern thedeve-
opment work within the city's area of responsibility. In this example, further
breakdowninto afourth leve of objectives has been reserved for the specidistsin
city hall to plan their own individua work. (SeeFigure 2-2)
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A WBS for Municipal Redevelopment Planning.

Project initiation by a Company

In respondingto onedf thecity's objectives, your company president might envis-
age an opportunity for a project as the result of thecity's general objective™To
DefineAreasfor Light Industry.” Hewould then identify the concept of a suitable
project and work through the traditional topics of development and down
through succeeding levelsto the individual work areas of construction. Ideasfor
company-initiated projects can be triggered by objectivesin other jurisdictions.

Needs Versus Wants

A company's goal may be driven by a specific need (or goal) of society, but the
company's goal is not necessarily driven only by "needs”; companies can also
respondto "wants." The upwardly-mobilebaby-boomersdo not necessarily need
a better house, but they want oneto satisfy their desirefor a higher socia status.
The construction company may not redlly care whether these are needs or wants
becausea "'want™ establishesa market just asfirmly asa ""need.”” The company
seesthe market demand asan opportunity to build and makea profit, thusfulfill-
ing itsfundamental businessgoal.
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ACHIEVING GOALS AND OBJECTIVES

By their nature, goal statements are worded in generd terms, such as* To Rede-
velopthelnner Core,"” and whoisto say whenthat has beencompleted. Todothis
wemust turn to the objectivesin the WBS that providethe detailsof thegoal, such
a To Build a Community Center, To Build Human Scale Accommodation, To
Develop Attractive Open Spaceand Parks, and so forth.

Objectives can be measured and evaluated only when they are properly de-
fined. Thus, when all the component objectives have been monitored, evaluated,
and deemed complete by the project manager, hisgoal can then be said to have
been reached. The media and other observers may not agree with the project
manager's opinion because often new objectives get publicized during the long
construction life of a public project. Directly relevant goals and objectives are
clearly stated in contracts beforework begins, new objectivesare recognized only
through amendmentsto the contract.

For a project to end with complete success, all of the participants differing
goals should be entirely satisfied, assuming that the goals of the company, the
client, the city management, and social agencies are similar but not identical.
Seldomisthisidyllicsituation ever achieved. Hopefully, the most important goals
will have been reached. The main problem isfor a company to determine which
goasaremost important and then decidewhen these have been satisfied,inalega
or political sense.

DIVIDING THE PROJECT INTO COMPONENTS

Most of us haveworked ona project of somekind or other, usually asa member
of ateam. Our contribution perhaps madeit a successand even though we recog-
nized the project was much larger than our part in it, we likely considered our
small bit to be THE project. The mechanical contractor considershisproject to be
the supply and installation of hesting systems, but the prime contractor for the
building considers the mechanical sub-contract to be a sub-project within the
building project. Conceivably, the building itself could be a sub-project in the
overall (mega)-projectfor redevelopment of a deteriorating inner city.

If you are responsiblefor a pieceof work, you consider that work to beyour
project; the Mayor considersthe redevelopment plan for thecity to be her project;
and the carpenter considershi s project to bethe installation of the millwork. The
company responsiblefor theentire projectiscalled the PrimeContractor andit lets
contractsfor someor all of the work to sub-contractors.

A Construction Example

Construction projectsare legaly defined by the contract, particularly under the
section, " Scopeof theWork." For purposesaof thisbook, ** project” will mean the
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completelistof theobjectivescomprisingthe project. Oneaf our projectscould be
an assembly of other projects(amega-project),such as' To Redevelop the Inner
Coredf the City,” or it could bea small part of a sub-sub-project,such as* Con-
struct the Roof.™ Irrespectivedf itssize, a project will beawell-defined packageof
objectivesthat definea specificgod. Other definitionsdf **project™ can befound
in constructionmanagement books with a focus different from this book.

Asan example, acontract awarded to your construction company for an Indus-
trial Complex might consst of severd sub-projects, each described by a sub-con-
tract. A smple breakdown o a project into sub-contractsappearsin Figure 2-3.

DEVELOPING A WBS
Knowledge and Experience

Developinga WBSforcesyou, asa planner, to compartmentalizeyour thinkingas
you develop the detailed definition of a specific project based on the series of
objectivesfor reaching the goal. The "'deeper you go into the lower levelsdf the
VBS, the moredetailed knowledgeyou need to know. In theexampleillustratedin
Figure 2-3, further breakdown of **Foundation™ into its useful componentswill
requirethat you understand such things as

= thedesgn
» characteristicsof the soils
m |ocationsdf thedte

For example, planningto build in a remote svampy areaisradically different
from planning to build on a rocky city lot. The detailed design should recognize
the soil conditions, but it is aso important to realizethat access, ddliveries, and
availability of equipment will affect the construction processes. Adding more de-
tail to the WBS requires increased knowledge of the specific tasks. Experienced
specidists should be consulted to fill you in on these details when your own
knowledgeisincomplete.

THE PRIMECONTRACT
TO CONSTRUCT AN

Figure2-3  Subdivision of a Project into Subcontracts.
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Size of a WBS

When you have identified tasks in such a detailed manner that one specificcrew
can be named to do the work, you need not subdivide that task any further.
Alternatively, if you have identified a complex task that requires the efforts of
several trades, this complex task should probably be broken down into simpler
components that can be more accurately estimated. The estimated duration of a
smpletask that can behandled by asingletradeisthefundamental buildingblock
of aworking schedule.

Notethat the number of topicsat deeper levelsincreasesdramatically from the
number at higher levdls—from oneat thefirst level, toafew at the second leve, to
several hundreds or even thousands at the lowest leve. We can illustrate this
progression by supposing that each work area of a project can be subdividedinto
five parts in the next level down. If that is the case, a WBS requiring six levels
would have3125tasksinitslowest level (IX5X5X5X5x $)! Figure2—4, using
only three subdivisionsper leve, illustratesthe magnitudeof thiskind of exponen-
tial growth.

Y ou must be careful not to overly refine your project into more details than
necessary, because the number of elements can quickly become unwieldy for
manual scheduling calculations. Even computer programs have their limits. An
overly detailed first schedule can become a cumbersome burden, especialy after
you incorporate refinementsdictated by the redlitiesof construction: delays, sub-

Figure 2-4 Growth in the Size of a WBS.
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divided tasks, material ordering, and so forth. A compromise needs to be made
between a large number of smple tasks and a smaller number of more complex
ones. |n some cases a sequenceof taskscan be grouped together into one super-
task without lossof accuracy.

The upper two or threelevelsof the WBS can often be developed with only a
general knowledge of the project, but the lower levelswill be dependent on the
details of the quantity take off, contractual requirements, and methods of con-
struction.

Declding on the Best Option

Most peoplefed better when thefuture hasbeen smply and nestly laid out and will
often rush into work without considering dternativewaysof doingthe job. A good
plan resultsfrom consideringother routes that lead to the same objective but that
may be " better" —that is, lessrisky, cheaper, faster —than the onethat first cameto
mind. Thereisan old sayingthat " The firg ideais not always the best idea."

Poorly-thought-out plans are recipesfor disaster when thereal physical work
beginsif the plan was based on insufficientthought. Therefore, we must consider
alternativesand make rational decisionsto enhancethe vaue of our plans. We
must makea consciouseffort to find alternativewaysof achievingeach objective.
Remember that the WBS contains only firm statements of How We Have AL-
READY Decided to perform the work; it does not list the options we had to
consider before making the decision.

When you decideto sub-dividean objectiveintoitsset of sub-objectives,you must
befamiliar with the design and method for doing thework. To sub-dividea work
area caled " Perform All Excavations,” you must decidewhether it includesexca
vating the perimeter drainage ditchesor whether this segment should be assigned
to the Site Preparation segment. Decisionslikethismay depend on the sequencing
of thework and thegroupingof other related jobs For example, if a planner has
to plan for the task "' To Excavatea Ditch for Underground Services™ he or she
must decide how to makethe excavation. Among the alternative methodsare

digging with pick and shovel
digging with back-hoe

drilling

pushing a conduit through the soil

Each time we subdivide a work area into its group of tasks, we must have
already considered how to do the work after having chosen the best option from
among severa competing alternatives. "' Deciding™ literally means ™ cutting off,"”
and making a decision therefore meansremoving all the other alternativesfrom
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consideration. Thewording of the objectivesin the WBS recordsour decisions. A
common but often ignored method for makingthe " Best" decisionisexplainedin
Appendix C.

We emphasizethat constructiveimagination isrequired for developinga solid,
viable, low-risk plan. Many aggressive people desireto "'get it al done with™ by
prematurely leapfrogginginto a plan that may befraught with pitfalls. Thisimpulse
needsto besuppressed. It is both good senseand good economicsto spend an extra
$10,000 on a better plan that saves $100,000 in constructionand other costs.

Technology Transfer

You may find it comforting and safeto ""do it the way we did it last time,”" but
creating novel aternatives can save money and time for you and your project.
Some good ideas can be transferred from other areas of technology. A famous
transfer was PERT, a scheduling and monitoring tool for complex projects (pre-
sented in Chapter 11). It was usad in managing the POLARIS submarine and
missile system in the early 1960s. Certain aspects of PERT are now routinely
applied in construction management computer software. Y ou should continually
search for ideas in other disciplinesand industries and transfer them to your
applications because they can increase productivity, lower costs, and make your
company more competitive.

APPLICATIONSFOR THE WBS
Schedules

Prior to construction, planners produce a series of forecasts and estimates that
describe the project in more detail as the planning advances. One of the first
estimatesis based on historical data from similar projectsto show how the pro-
posed project would fit into the company's operations. In Figure2-5 we usea bar
chart to compare two schedules, one based on the Levd | task (thegoal) and a
second one based on Levd 1I tasks for the same project. The length of the bar
representsthe duration of atask and subsequent task-bars are drawn to theright
of earlier ones. Timeincreasesas we moveto theright.

Thefirst single bar (from Leve I) denotesthe estimated duration of the total
project based on experience with durations of other similar projects, the second
sequenceshowsan improved time linewith each component schedul ed separately
using the sub-projectsfrom Leve 1. These approximations to the durations, in-
cluding margins (+/-) for error, would be made early in the estimating process,
when quick estimatesare needed. Shorter, simpler jobs at deeper levelscan be
estimated more accurately with smaller (+/-) uncertainty.

As each lower levd of the WBS is developed, a correspondingly more detailed
schedule can be made with the larger number of tasks. When the individua tasks
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FROM LEVEL I THE EARLIEST ESTIMATES OFA SCHEDULE
l THE INDUSTRIAL COMPLEX M— = —e— + —>
FROM LEVEL II:
——
" EXCAVATION | —te—
| FOUNDATION | ="
| STRUCTURE | —e—y
| MECH/ELEC SYSTEMS T A

FINISHING I

Figure 2-5 Bar Charts for Deeper Levels Give More Detail.

become smple enough for their durations to be accuratdly estimated, we do not

subdivide the tasks any further. Such bottom-leve tasks will have clearly defined

objectivessothat their progressand compl etioncan beeva uated duringconstruction.
For each of theselowest-leve tasks:

m a gpecific crew can be assgned to achieve its objectives,
m thecrew and the quantity of work determineits duration,
m eschtask hasa natural sequencerelativeto other tasks.

Whenthe"fina" plan isaccepted (just beforecommitment to construction),
the "'final" schedule provides

m as0lid timeline for ordering al resources,
1 the best start timesfor al tasksand, importantly,
= aforecast o cashflow for thelifed the project.

Because the "fina™ plan is continually vulnerable to surprisesand changes
duringconstruction, it must beregularly updated. Therefore, itisbetter to refer to
your current scheduleof thework yet to be done asthelatest plan rather than the
"find" one.

Responsibliity and Authority

Thepyramid of task areasinthe WBS that expandsdownward from any objective
defines a top-to-bottom pattern for delegating responsibility and authority. The
manager at thetop of the pyramid is ultimately responsiblefor all thetasks below.
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| GENERAL MANAGER
7 COMPANY'B'

R |

G ELECTRICAL PAINT/DECOR'
;1 FOREMAN 11 FOREMAN 11FOREMAN: 1 FOREMANI| FOREMAN Il FOREMAN

Figure 2-8  The Responsibility Pyramid.

Also, each manager at any given leve has hisown "tree” of tasksfor which heis
responsible. Figure2-6 illustratesthischain of responsibility.

Note that any completelevel of the WB S representsa compl ete descri ption of
the project and that the managersof each of thesework areas are usually consid-
eredto havesimilar degreesdf responsibility. For example, theelectrical, mechani-
cal, and carpenter foremen have equal status.

Managerswith broad authority areconcerned with progressmeasuredagainst
the upper-level objectivesof the\\BS. Alternatively, craftsmen (of narrow author-
ity) are concerned about progressin termsaf thetasksat thelowest, most detailed
level of the WBS. When the eectricians take too long with the wiring, the
drywallers become concerned about delays that affect their schedule and the
Project Manager resolvesthe issue.

Workforce Planning

The WBS illustrates the breadth of managerial responsibility and authority. A
manager of a work areain Leve 1lis ultimately responsiblefor all the activity
expanding downward in the WBS; a unit manager lower down in the same work
areaisresponsiblefor fewer workers. An exampleisshown in Figure 2—7.
TheWB S providessenior managementwith a tool for estimating the require-
mentsof supervisory manpower for the project. Of course, the number of supervi-
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NUMBER OF
PERSONNEL
AT EACH LEVEL LEVEL
\ v -~/ \ﬁ/_/
COMPANY
1 PRESIDENT
DIVISIONAL
3 GENERALMANAGERS
4 PROJECTMANAGERS
FOR EACH G.M.
@ _______ 6 FOREMEN
FOR EACH PM.
_______ 5 CREWS (JOURNEYMEN & LABORERS)
FOR EACH FOREMAN
448 ~ """ TOTAL CONTRACT PERSONNEL

NOT INCLUDING SUPPORT STAFF

Figure 2—7 Staffing Requirements.

sors dependson the magnitudeof thework.in their areaof the WBS, thesizedof the
workforceisthesum of al thecrew membersinvolvedinal thetasksat thelowest
level of theWBS. A WBScan bethe basisfor constructing an organizational chart
for a project. Form should follow function.

Information Flow and Progress Reporting

Generdly, al theinformationin the WBSis not needed by every participant inthe
project. For example, the carpenters need to know about their assigned tasks and
may be only curious about the organization of the work at other levels. Senior
management, on the other hand, should haveno need (and may not want) to know
what the carpenters are doing (aslong as they are working effectively). Informa-
tion relating to the various levdsof the WBS will generally be made available by
management to specific groups, dependingon their responsibilitiesand their hav-
inga " Need-To-Know."

Distribution of information must be focused on the needs of the user. If a
progress report on every active task in the WBS is automatically distributed to
every manager without regardto priority or need, then few will read it and fewer
will understand it. Irrelevantinformationisdiscarded, often unread, by users. The
WBS definesfamiliesof userswho requirecommon information.

Thepyramidof responsibility not only definesthe downward flow of author-
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ity, it also definesthe reverse bottom-to-top directionfor reportingthat must flow
upward in awell-managedfirm. TheWBSisval uablefor planninga Management
Information Sysem (MIS)for the project. When all functionsand projectsin a
company are arranged in a super-WBS, the model for a company-wide informa-
tion system becomes clearer.

Document Preparation

Severd typica applicationsfor the information derived from the variouslevelsof
the WBSare suggested below:

Level
| For the Annual Report
I For Senior Management to manage devel opment work
I  For the Construction Manager to manage sub-contracts
IV For"Subs" to managetheir “sub-contractors”
V  For foremen to manage the actual work

Animportant parall€l exists betweena WBS and atopicoutlinefor areport: in
aWBSwecan subdividean objectivedown to thesmallest task; for atopicoutline,
wecan subdividethetitleof areport downto thetopicsentenceof each paragraph.
The processisidentical.

Consider a portion of the Table of Contentsfor this chapter (Figure2-8).
There are, at mogt, only three levelsof subdivisionafter thetitle of the book and

CONSTRUCTIONPROJECT MANAGEMENT: PLANNING AND
SCHEDULING

APPLICATIONS FOR THE WBS

Workforce Planning
Information How
Progress Reporting
Document Preparation
WBS and Topic Outline
Table of Contents

Figure 2-8  Table of Contents and Topic Outlines.



CHAPTER 2 — THE WORK BREAKDOWN STRUCTURE 25

thetitleof thechapter. Inthe Document Preparationsectionthelowestlevel shows
that oneitem for each paragraph governed thewritingof thissection. More about
document preparation can befound in Chapter 13.

THE WBS FOR THE WAREHOUSE PROJECT
The Upper Levels of the WBS for the Warehouse

Thefirst twolevelsof the WBS are quitestraightforward because the construction
seemsto naturally fall into five categoriesthat may also parallel thecity's require-
ment for inspections. These are:

preparing thefilled site
installing the foundations
constructing the building
providing the services
completing the sitework

AWN P

Most plannerstry to get too detailed too quickly and ignorethefirst level of
breakdown. Often you will find that an intermediate, moregenera leve will help
in developing the next lower level. The process might beclearer if the abovefive
task areas were preceded by three more general areas, such as Site Preparation,
Construction and Landscaping. See Figure 2-9.

The Lower Levels of the WBS (Levels Il and IV)

We can now focus on each objectivein Leve 11, subdividing each oneinturn. To
expand "' To Preparethe Site"" into itscomponentsdoesnot requireconsideringthe
components of the Foundations, Structure, Services, or Finishingwork areas. In
this piecemea manner you will eventually lay out all the tasksof Level 1110on one
line. (SeeFigure2-10.) Aswith most activities, your creativity will be keener if you
focus on only onework objectiveat atime.

LEVEL1 TO CONSTRUCT A FIVE-UNITWAREHOUSE

OFWBS FOR LIGHT INDUSTRY
I
OF WBS

Figure 2-9 Startingthe Warehouse WBS.
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THE WORK AREA FROMLEVEL It

TO PREPARE THE SITE

T
1 1 1 I 1 1

WORK AREA FROM LEVEL M

| BOUNDARIES 1 1 ELEVATIONS | | FOOTPRINT 1 1 SERVICES

Figure 2-10 Extending the WBS.

Consider the special problemsassociated with preparing the site. The follow-
ing tasks require special attention:

locate the boundarieswith alega survey

locate underground service connections

determinethe depth of the old fill

excavateand removethe old fill

backfill and compact the new material

position batterboards for the excavationfor the footings
excavatefor thefootings

The Surveying objective (Level III) has been divided into four sub-objectives
(inLeve IV) which could be used to definethe * Scopeof Work™ of acontract for
a Surveyor.

Thereseemsto be no need to attempt to develop afifth level becauseit would
interferewith thefreedomand responsibility of thesurveyor to plan hisor her own
work. It may be necessary to add these components later if a scheduling conflict
ariseswith other work onthesite, but for now that possibility will beignored.

However, the breakdown of other objectivesin Leve I (forexample, To Erect
the Structure) may haveto godeeper than Leve IV to definethe basictasksrequired
for the schedule. Generadly, you will understand the project sufficiently when one
crew can executethetask at the deepest leve of theWBS all work areas need not be
subdivided down to the sameleve to be useful in constructinga schedule.

Outline of the Complete WBS

A graphical layout of the complete WBS isshown in Figure 2-11 to give you an
ideaof itssizewithout namingall the tasks needed. Thisisto help you appreciate
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thelargenumber of tasksthat will beconsideredin later chapters. AppendixB lists
all the work areas for this complete WBS of the Warehouse example, down to

Leved V.

SUMMARY

Theactual construction tasks have now been defined viathe WBS and you should
be getting impatient to start work on the schedule. But beforewe can do that we
must learn the graphi cal languagewe will need for drawing the completeprojea;
the next chapter does this. The remaining body of the book will focus on an
orderly presentation of the techniquesfor developingand then refining the net-
work of tasksto givethe best schedule.

EXERCISES AND PROBLEMS

1

Vistyour local municipal planningofficeto determinethestructure of its
planning process. Construct a hierarchy of typesof reports produced in
response to a directive from the chief administrator or mayor. Ask for
representativecopiesof reports.

Interview a contractor or search through the literatureto compile a list of
sub-contractslet for acomplex contract. Endeavor tofind onewherethere
aresub-sub-contracts. For example, military contracts(for airplanes, ships,
missles, and so forth) often have many levelsof sub-contracting.
Construct a Responsibility Pyramid for a local company or municipal
offices using the organi zation's actua job titles.

Andyze a magazine article (three or four pages long) that has haf-a
dozen section headings; break each section down into subtopics (useonly
afewwords); then determineatopicfor each paragraph. Arrangeall these
topicsinto a WBS wording each one as an objective.

Develop a WBS to describeyour objectivesfor reaching thegoal of " To
Own a Famous Sports Car." Consider carefully the meaning of dl the
words in the goal statement.

Develop a WBS of at least thirty objectivesand four levels deep for a
project familiar to you.
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GRAPHICAL

CONVENTIONSFOR
TASKS, EVENTS, AND

NETWORKS

LEARNING OBJECTIVES

After completing thischapter, you should be able to:

Identify an activity, an event, or a milestonefrom a written description.
Describe the differences between the three principa types of project
diagrams.

Identify the components of the three types of network diagrams and ex-
plain their functions.

Identify " Milestone™ eventswithin anetwork diagramand beabletocreate
and incorporatethem to satisfy special purposes.

Construct a Precedence Grid ( P-Gfrom a set of written information and
tranglatethe datafrom arow or columnof a P-G into written descriptions.
Construct AON and AOA Networksfrom a PrecedenceGrid.

Draw a Gantt Chart (notto scale) from a P-G, and from AON and AOA
networks.
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PREPARATION FOR THIS CHAPTER

The work in this chapter requires a thorough understandingof a WBS and your
ability to developonefor afamiliar project. You must recognizethe differencein
wording between an objectiveand a task. Moreover, your aptitude for relating
mental conceptsto graphical symbolswill beagreat help. Good skillsin sketching
and neat drawing are also necessary when it comes to expressing your ideas on

paper.

INTRODUCTION

The previous chapter described a method for developing a Work Breakdown
Structurewith its "tree” of tasksextendingthe detail down to several levels. Had
you been devel opinga WBS you would have had to consider themethod for doing
each task. You would have already known alot about thetopicto start with, and
as you learned more you would have confidently added more detail to the WBS
Y ou would have redlized that the WBS was also a **thought-organizer™ whereby
you could chart all your ideasabout the work and combined them with the ideas
from other people you consulted. To complete the WBS, you would have had to
rephrase their statementsinto properly worded task objectives.

The next thing to do now isto determinetheorder of executing thetasksthat
have been developed in the WBS For each task we must decide which tasks can
start when the current one has been completed. The resulting sequencingdata will
be recorded on a grid for checking in preparation for drawing flow charts of the
whole project.

As these flow charts use symbols, we must define a **language™ of symbols,
using rectangles, circles, and arrows containing names and data. After we have
drawn the threetypesdf flow charts using these symbols (seeFigure 3—-1),we can
show that all three charts of the same project can evolveinto one another. These
diagramsare named:

Bar Charts (Gantt Charts)
"'Bubbl€e" Diagrams (Activity-On-NodeNetworks)
"Arrow" Diagrams (Activity-On-ArrowNetworks)

TASKS, EVENTS, AND MILESTONES

The study of the WBS explained how to develop a goa and break down very
genera objectivesinto alarge number of simpletask objectivessuitablefor sched-
uling. Closdly related to these tasks are Events and Milestones, which we will
create for the three diagramswe need to draw.
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"BUBBLE" (AON) NETWORK ARROW (AOA) NETWORK

START END

BAR (GANTT) CHART

Figure 3-1 Examples of the Three Types of Networks.

Tasks

A task is an activity that is directed at achieving an objective. When tasks are
phrased in such a way that they exactly define the objective, every activity will
havea wdl-defined beginning and ending. The ending event isthe objectiveof the
activity. Crossing the finish lineis the event that completesyour running of the
race. Eventsare the pointsthat mark the beginningand ending of a task.

Theactivity (task)af diggingaditch beginswith " TheStart of Digging™ and is
finished at ' Excavation Complete," as Figure 32 illustrates.
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START
ACTIONTO DO THETASK
v ACTION ACTION
/ FIRST EXCAV.
GROUND
EVENT ACTIVITY OR TASK EVENT

Flgure 3-2  Every Activity Has Two Events.

Events

Eventsconsumeneither timenor resourcesand rel atedirectly to theobjectivesthat
we defined in the WBS "' To Build the Forms"” can readily beinterpreted to mean
reaching that point in the project when " The Formsare Complete™ as much asit
impliestheactua activitiesaf buildingthem: both tasksand eventscan beinferred
from an objective.

When two tasksfollow each other, the START event of the second oneisthe
FINISH event of thefirst one, but only rarely are both includedin adiagram. " End
the Concrete Pour™ and "Begin Curing™ both indicate the same point in the
project, as Figure 3-3 illustrates.

Milestones

Aswith every task, every project must also beginand end witha START event and
a FINISH event; these are examplesof very specia events that are named mile-
stones. Milestones indicate project beginning and ending and other important
timesin the life of a project. A person's birth and death are the start and finish
eventsof a life, but graduating, getting married, and having childrenare all mile-
stonesin that life,

Milestones are specia events that advertise that major stages in the project
have been reached, for example, "Project Start,” "All Structures Completed,"
"Ready to Install Fixtures,” "Electrical Inspection Approved,” "Ready for Fina
Draw (of Money)," "Project Finished." Milestonescan be inserted when several
tasksall terminate at the same event within a project, indicatinga major achieve-
ment. For example, "' Ready for Occupancy Inspection™ could follow the comple-
tion of the wiring, plumbing, weatherproofing, heating, lock-up, and so forth.
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SAME EVENT,
DIFFERENT NAME

Figure 3-3 Duplicate Events Between Tasks.

NETWORKS and PRECEDENCE LOGIC

Figure 3-1 showed the three types of networkswe will be working with. A net-
work isagraphical array of pointsinterconnected by lines. Note that Bar Charts
are drawn with task symbols only; "'Bubble" (AON)Diagrams use different task
symbols accompanied by only afew Milestones. Alternatively, " Arrow" (AOA)
Diagrams require tasks and events in almost equal numbers; every task arrow
connectsto an eventcircleat itsends. Thelinesconnecting the Bubblesinan AON
network indicatethe sequenced thework; that is, the precedencelogic obtained
from your consultants.

PRECEDENCE

Even though we have spoken of the sequencingof tasks, the study of scheduling
usesa morespecifictermfor this process: precedence. Thisisoneof the key words
in scheduling. It is the quality of preceding or coming before. For scheduling
applications precedence will specifically mean that "a particular task must be
completed beforea task dependent on it can begin" —you must finish breathingin
beforeyou can START breathing out.

To hdp understand a sequencing rel ationship between two tasks, you could
ask yoursdf thefollowing question: " The task | am currently consideringiswait-
ing for which other tasks to finish so that it can begin?"

Sequences and the Precedence Grid

When we were arranging the objectives of the WBS we did not take any specia
careto arrange them in any particular order; we smply grouped them under the
more generd work area of the Levd above it in the WBS Now that these basic
tasks have been defined, we can consider their relative order in the construction
process.

Many projects are quite straightforward and the sequencingwill be obvious.
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(FOLLOWERS)
Q S T U

(PRECEDERS)

Figure 3-4  An Example of a Precedence Grid.

In many other cases, where normal proceduresmust be changed to accommodate
a special project, you will need to discussthe issueswith others. They should be
people who have specificexperiencein how each part of the work isto be done:
consultants, site superintendents, skilled tradesmen, and so forth. Y our research
should yidld amassof notes: somewill bescribbledonfilecards, somerecordedon
audiotape, or perhaps in the form of memos from your experts. There will be
conflicting data which you must clarify beforeyou can useit. Weshall do this by
recording all our collected data on one sheet of squared paper and testing it. We
refer to this sheet asa PrecedenceGrid (seeFigure 3-4).

In this Precedence Grid, we have marked all the precedenceopinionsfromthe
workers on the job. The carpenter foreman may claimthat histask Sfollowstask
Q, the mechanical work, but the Mechanical Contractor claimsthe opposite. In
another statement, the painters want to paint, T, after Q and after the floor is
finished, U, whereasthefloor layerswant their work tofollow Q. The Precedence
Grid can identify these conflicts, which you can then resolve by re-reading your
notes to look for the cause of any misunderstanding or by seeking advicefrom
your consultants.

We can save much confusionand time by usingarefined versionof the Prece-
dence Grid asthe basisfor drawing the fundamental diagramsof a project. These
diagrams (theBar Chart, Bubble and Arrow networks) can be confusingto draw
when some df the sequencing data isin conflict.

CONSTRUCTING THE PRECEDENCE GRID

A simple example project based on a familiar subject will establish the concepts
and techniquesfor working with a Precedence Grid. Let us plan thetrip acrossthe
continent for you and several friends. (It was introduced in Chapter 1.) We will
present the stages of the work you would follow in planning this or any other
project.
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The Trip Across the Continent

Y ou and threeof your friendshavedecided to driveacrossthe continent from San
Franciscoto New Y ork City. Y ou haveofferedto bethe planner. The analysisfor
thetrip startswith thefollowing notesthat you madeat a planning session.

The main group of three al live near San Francisco and will leave together,
driveto Sacramento, then continue on to Reno, where they will stay for sev-
eral dayswaitingfor Sdly's vacationto begin. Then shewill fly from LA. to
meet them. Then al will drive toward Elko the next day, continuing on to-
ward New York City.

The travel activitiesare quite apparent and can easily betied in with the map
in Figure 3-S5,

The group drivesfrom San Franciscoto Sacramento

The group drivesfrom Sacramentoto Reno

Sdly fliesfrom Los Angelesto Reno two days | ater.

Everybody drivesfrom Reno to Elko, and then onto New York City.

oOOw>

THE TRAVEL ROUTE
TO
N.Y.
\/ |

Figure 3-5  The Map and the Route Segments.
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Plans must reflect the redlitiesof a situation and be able to accommodate
changes. Plansfor the trip changed because Sdly had her vacation delayed by an
extrafour-day work assignment (task E) and Bill had to visit hismother in Fresno
on hisway from San Francisco to Reno (tasksF and G). Thesethree additional
tasksalter theoriginal list in thefollowing way:

SAly worksfor four more days.

Bill fliesfrom San Francisco to Fresnofor an overnight stay.
Bill fliesfrom Fresno to Reno.

Sdly isdelayed in Los Angeles.

They al drivefrom Renoto New York City.

Theremainder of thetrip (taskl)can beincludedasonebig activity until more
o itsdetail scan bedecided on by thegroupwhenthey finally get together in Reno.

The nine statementsregarding the parts of thetrip (above)can be trandated
into a precedencelig. Thisisshown in thefirst columnof Figure 3-6 for al nine
tasks, not forgetting the required START and FINISH milestones.

These nine activities can now be placed in sequence to answer the inverse
question: ""Which tasks must be completed before the one | am considering can
start?" These are listed in the second column of Figure 3-6. Every task either
precedesor follows another task; the Start and Finish Milestones that begin and
end the project enclosethe diagramsthat we will draw.

The information for the trip can now be transferred to a Precedence Grid, as
shownin Figure 3-7.

The complete Precedence Grid isexplainedin moredetail in Appendix D and
iscopied herefor reference. The reader is advised to consult Appendix D to gain

—TOmm

"MUST PRECEDE"LOGIC-STATEMENTS "MUST FOLLOW" LOGIC-STATEMENTS

START precedes A ACF, &H follow START
A precedes B B follows A
START precedes C C follows START &H
START precedes F D follows E&C
F precedes G E follows B&G
B&G precede E F follows START
START precedes H G follows F

H precedes C H follows START
E&C precede D | follows D

D precedes i END follows |

| precedes END

Figure 3-6  Precedence Information List for the Trip.
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—THESE ARE'FOLLOWER" TASKS —
A B CDEFGMHIEND

START X - X . . X - X
A O X - . . . .
B CAEC < N IR
C . 0 X .
PRECEDER D .. 0 . X
TASKS E X o . .
F . . 0 X
G . . X . 0 -
H X - « .« .+ 0 -
| . « o« . . . - 0 X
END (nothing ever follows the END
or precedes the START)

Flgure 3-7 Complete Precedence Grid for the Trip.

confidencein usng the method so asto be able to repeat the processfor other
projects.

Whenwearesatisfied that the PrecedenceGrid is correct, wecan begin draw-
ing the diagrams that are the basisfor developing a schedule: Bubble Network
Diagrams, Arrow Networksand, lastly, Bar Charts. However, welook at themore
common Bar Chartsfirst so that wecan understand why they are not overly useful
to usat thisstage.

NETWORKS: BAR CHARTS, BUBBLE DIAGRAMS, AND ARROW DIAGRAMS

Bar Charts are commonly used in busness, mathematics, engineering, statistics,
and so forth, and they appear regularly in newspapers, magazines, and annual
reports. Generdly, the length of the bar measures the number of things being
counted. For scheduling, thelengthof the bar indicatesa task's duration. Thefirst
leg of thetrip issuggestedin Figure3-8. Weassumed for thisexamplethat thetrip
takes 3.5 hours.

Bar charts are valuablefor explaining some aspectsof our project. But when
westart planning, we do not yet know the durationsof the activitiesso we cannot
draw meaningful bars. Planning requiressketchingand modifyinga diagram until
a final plan emerges even with guessed durations, bar charts are awkward to
change without redrawing the whole chart. Moreover, the required precedence
relationships are difficultto show on a bar chart.
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LEAVE ARRIVE AT
SAN FRAN SACRAMENTO

DRIVE: SAN FRAN TO SACRAMENTO
1 I I \ 1

<«———35HOURS—————>
(ASSUMED)

Figure 3-8  Bar Chart: First Leg of the Trip.

ConstructingBubble and Arrow Network Diagrams

Alternatively, network diagramscan be drawn usingonly thetask namesand their
sequencing relative to all the other tasks; durations are not needed. Most prob-
lems—and scheduling is no exception—are better solved one step at a time rather
than by trying to resolve everything at once. Therefore, we shall construct a net-
work of al the activitiesof thetrip usingonly the data from its Precedence Grid.
Arrow and Bubble diagrams should be based only on data from the Precedence
Grid. Never attempt to draw an Arrow network based on your view of the Bubble
diagram, or vice-versa. For projectswith very complex precedencerel ationships, it
ismaddening to attempt a network diagram from the research notesyou received
from your consultants.

Both Bubble and Arrow networks are constructed using the same basic ele-
ments. Eventsand Activities. But differently shaped symbolsare used in each one.
Let uslook at our transcontinental trip aswe describeeach typeand see how they
arerelated. Thetechniquesfor drawing these diagramsare covered by an in-depth
study in Appendix E

Bubble Diagrams

The Bubble Diagram uses a small circle to represent each task; a line joining two
task circles represents the precedence relationship. Later tasks are placed any-
whereto theright of the tasks they follow. Figure3-9 showsthe Bubble Diagram
for the transcontinental trip. Because lines meet at locations called *nodes,” this
diagram is also referred to as an "Activity-On-Node™ (AON) network. Most
schedulers begin with the "PROJECT START" milestone and add tasks in their
natural order until they reach the *PROJECT END" milestone.

Arrow Diagrams

An dternativeway of viewingthetrip istofocuson theintermediateobjectivesof
the trip: the stopping places rather than on the activity of driving. An event is
achieved when an objectiveisreached, and so stopping at each town representsan
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Figure 3O  The 'Bubble" (AON) Diagram of the Trip.

event; travel activitiesend or start at atown. Usingthe town namesgivenin Figure
3-5 as the central elementsin building a network produces a rather different-
looking diagram from the Bubblediagram. Refer to Figures3-10and 3-11 for the
development of the AOA diagram.

These hand-sketched " thinking pictures™ can help clarify theideasraised dur-
ing the first planning meetings. In this travel example, the travelerslikely drew
arrows directly on a map (Figure3-10) before developing the basic network. The
draft diagrams might show arrows curling al over the diagram, but the final
drawing should strivefor clarity by usingstraight linearrowsthat *'move™ only to
the right and minimizecrossing other arrows by relocating the event nodes.

Theline (with an arrowhead) joining Reno to Elko representsthe activity (or
task) of drivingfrom Reno to Elko. This "Activity-On-Arrow™ diagram (AOA)
requires that activity arrows must have arrowheads, because arrows can be

(FOLLOWINGTHE MAP LAYOUT)

LA _

Flgure 3-10 Travel Directions and Towns Become the AQA Network.
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Figure 3-11 The Arrow Diagram for the Trip.

sketched inany direction, up, down, backward (left)and forward (right). Arrows
need not be straight for the hand-drawn studiesand can be any length needed to
jointheappropriateevents (towns, in thisexample). Evenfor thefinal draft of the
AOA network, where meandering lines are smplified, continueto place arrow-
headson theleadingend of thearrow. Placeeventsin suchaway that task arrows
"moveto theright" and later eventsare placed to theright of earlier ones.

Bar Charts

In scheduling, bar chartsare caled Gantt Charts. They are named after an early
practitionerin thesubject, Henry L. Gantt, who introduced theapplicationof bar
chartsmorethan 70 yearsago. To honor hiscontribution, bar chart scheduleswill
be referred to as Gantt Chartsthroughout this book.

The Gantt Chart is the most universally and commonly understood way of

TASK 'A'

Figure 3-12  An Example of Gantt (Bar) Charts.
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displayingthe relative time periodsfor a set of tasks. When drawn to scale (for
example, ¥ inch equals1 day) a bar 1-inchlong representsa 4-day duration of a
task. When onetask immediatelyfollowsanother, thestart of afollowingtask bar
islined up with theend of the precedingtask bar. The barsin theexampleillus-
trated in Figure 3-12 are not drawn to any scae.

Wewill reserveextensveusedf Gantt Chartsfor explainingafina scheduleto
othersand we shdl asofind them useful for illustrating and clarifying other con-
ceptsaswecover them. Gantt Charts arenot practical intheearly stagesd planning
when durationsare not known and precedencedata changes are frequent.

Relation Between the Three Types of Dlagrams

Imagine shrinking two task bars (thusignoring the durations) into two bubbles
and drawinga line between thetwo task bubbles, indicatinga direct sequence. See
Figure 3-13. This line needs no arrowhead when al of the following tasks are
placedtoitsright. Therecan beseverd link-linesenteringand leaving a bubblefor
multiplefollowers or multiple preceder tasks.

In parallel with the above evolution, Arrow diagramscan evolvefrom Gantt
Charts smply by adding an arrowhead to the leading end of each task bar and
rearranging thesearrowsto connect to the other dependent task-arrows; an event
symbol is placed at each such intersection. See Figure 3-14.

|DRIVE SF ———— SACRAMENTO .

| | | T
| DRIVE SACR. TORENO|
| | [ | '
DRIVE | | DRIVE
| 5HRs. | | 4HRS.

Figure 3-13 Evolution of a Bar into a Bubble.
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| DRIVE SF ——> SACRAMENTO
| 1 vt 21 3] 41 s

SF

Q 5 HOURS 7 7. “""”"

SF

® : -

Figure 3-14 Evolution of a Bar into an Arrow.

STANDARDIZED SYMBOLS

Theseexamplesused simpleshapesto represent their elements. Asa general prac-
tice, however, we should adopt standard symbolsso that particular shapestrigger
unique concepts in our minds as we look'at different networks. Standardized
shapes are the language of scheduling and using them acceleratesour ability to
absorb the information they convey.

Wewill borrow the shapesfor symbols morefrom the current computer pro-
gramsthan from the original manual methodsfound in earlier textbooks. Thisisa
sensibleapproach becausethis book isintended to prepare students to usecurrent
software programs.

Symbols for Activities

When we drew the Bubble (AON) Diagram, we used a small circle to identify a
task and wrote its name beside it. Thisisfinefor making those initial **thinking
pictures™ but the small circlelacksspacefor its Task Number, its Duration, and
the Starting and Finishing Times (or Dates). This information can be recorded
manually in an enlarged, sectored circleor in a subdivided hexagon. Figure 3—-15
shows these symbals.

Other symbolsfrom the computer programs can be more useful for drawing
finalized schedules but can be more awkward for some schedulers during the
earlier stagesof planning. It dependson your personal preferencesor thestandards
that existinyour employer's company. In Figure3-16, the rectangleenclosesal | of
the relevant information of an activity.

Symbols for Events and Milestones

In Bubble (A ON)diagrams, the tasksare the major symbolsand only afew events
areincorporated to bringattentiontoimportant " signposts” inthe project: Project
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EARLIEST

START EARLIEST

START FINISH »PATE FINISH
FLY TO B
RENO START | . FINISH START | END
DATE DUR/'WON DATE !
\ /
OPTION “A” OPTION “B”

Figure 3-15 The Subdivided Bubble Symbol for a Task.

EST

TASK TASK'S
NO. NAME

STARTDATE END DATE LST

Z0——->»>1 O

|  TAskNnO.  |[DUR | TF | FF |

1 I
RESPONSIBILITY

TITLE OF TASK i '
I I

EST | EFT |

| LST | LFT |

Figure 3-16 Other Symbols for Tasks.

EFT

LFT
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NO. EVENT

“END”

7| N

SCHEDULED REQUIRED
END DATE END DATE

N

Figure 3- 17 Typical Event and Milestone Symbols for AON Network Diagrams.

Start, Project Finish, Arrival of President, Building Closed In, and so forth. These
specia eventsmust beeye-catchingto focuson great and important achievements
of the project. When round or hexagonal shapesare used to indicate tasks, rect-
anglesare used for events. When rectangles are used for tasks, circlesor double-
walled rectanglescan be used. Computer programs prefer rectangles becausethey
aresimpler for the program to draw. Figure3-17 providesseveral examples.

Alternatively, in Arrow diagrams(AOA),thetasksaredrawn asarrowsand a
smple shape marks the events. As every task arrow must begin and end with an
event symbol, compactness and simplicity are necessary; an overly prominent
event symbol would detract from the task arrows. As the only information re-
corded in the task symbal is its reference number, a small circle satisfies the re-
quirement. Most graphical systems for arrow diagrams do not place any other
information in the symbol; manual calculationson AOA diagrams produce time
datafor theeventsand theseare shown onasmall "tree" growingfrom each event
symbol. Dataabout thetask isrecordedaong thelineof thearrow. Thesearrange-
mentsareillustrated in Figure3-18.

SLACK 1 FOR THIS EVENT

Figure 3- 18 Typical Event Symbol for AOA Diagrams.
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SUMMARY

We have presented two setsof graphical systems used for displaying two types of
networks and showed each onefor thetravel example. A major concept called the
Precedence Grid, which collects all the verbal precedence information in one
smpleformat, wasdescribed. Thisgrid hel psusto removeduplicateinformation,
identify loopsin the logic, and identify precedencesrequiring "' dummy' tasksin
AOA networks.

This chapter covered a major component in the preparation of a schedule;
when the durations of tasks are incorporated into a network, an initial schedule
starts to take shape.

EXERCISES AND PROBLEMS

1 Identify thetasks, events, and milestonesin the following description:

Beginning at first light on Thursday, the battalion will begin to build
the bridge by placing the first anchorsin the near shore; the maneuver
will end when the last decking piece has been bolted down.

2. Explain, supported by adiagram, why AOA diagrams have almost equal
numbersof Tasksand Events. Why do most AOA’s have more tasks than
events?

3 Fromthe following description, construct a Precedence Grid, then draw
an AON and an AOA network from it.

Assoon asspending has been approved, task #1 can bestarted; #2 & #3
must wait for #1 to finish; #4, #5 & #6 can occur in series after #3 is
finished: #6 alsofollows#2; #8 & #9 follow#6; #7 follows#2 & #3; #12
follows#9; when #8 isdone, #11 can start; #10 can start right after #7;
the wholesitecan be cleaned up (#13) when #10, #11 & #12 are done.

4. From the Bubble Diagram for the transcontinental trip (seeFigure 3-9),
construct a Gantt Chart. You will haveto assumea redistic duration for
each leg of thetrip.






CHAPTER

DEVELOPING NETWORK
DIAGRAMS FROM A
PRECEDENCE GRID

LEARNING OBJECTIVES

After completingthis chapter, you should be able to:

m Prepareadraft PrecedenceGrid (P-G)for any Level of aWork Breakdown
Structure.

Recognize and remove redundant precedence information from a P-G.
Identify potential AOA Dummy tasksfrom a P-G.

Identify potential loopsinaP-G

Draw Bubble (AON) Diagrams using the data from the P-G.

Draw Arrow (AOA)Diagrams using the P-G data, correctly introducing
dummy tasks and properly numberingthe event nodes.

PREPARATION FOR THIS CHAPTER

You must be very familiar with the warehouse project. You have followed the
development of its WBS down to afairly detailed leve and you should beableto
modify and rearrangeit when necessary. Y ou arefamiliar with the graphical con-
ventionsfor network diagrammingand havethe necessary tool sand skillsto make
neat drawings. Neat free-handletteringand sketchingskillswill bea bonuswhen
you sketch the networksof thischapter.
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INTRODUCTION

The purpose of thischapter isto apply the conceptsand methodswe haveaready
studied to develop network diagramsfor the warehouseconstruction project. The
previous chapter covered the toolsfor doing this: the graphical conventionsand
the Precedence Grid for recording the task sequences. The next chapter (Chapter
5) will introduce time and the durations of the individual tasks, and Chapter 6
introduces these durations into the network for calculating the first time-based
schedulefor this project.

Wearelearning manual methodssothat inthefuturewewill understand what
acomputer is actually doing behind its screen when we command it to do some-
thing, such as "Recalculate the Schedule™ We indicate throughout this book
where a computer can grestly lighten the drudgery of our manua work. The
learning goal is to understand the processes because blind use of a computer
program without knowing what it is really doing can lead to misleading results
and confusion.

PRECEDENCE GRIDS FOR THE WAREHOUSE

In analyzing any complex problem, the best approach is to develop your ideas
from the "generd to the specific.” For example, in the transcontinental trip we
began with the ssimplegoal of "' Traveling from San Franciscoto New York™; we
then broke it down into main divisions; and finally we added the small sidetrips
and personal problemsthat refined the plan. The developmentof the warehouse's
WBS followed thispolicy of increasingcomplexity, levd by level. Weshall develop
a PrecedenceGrid for each level of the WBSfor this project.

A PrecedenceGrid can be developed from the tasks named in each level of the
WBS each P-G becomes progressively bigger as the number of tasks increases
down through the lower levelsof the WBS For our purposes, we need a network
having the smallest number of tasksthat can adequately describe the project for
scheduling purposes. New ideasare better understood through work on simpler
models. Wecan find such a model from among the PrecedenceGrids based on the
severa levelsof the WBS.

Wewill develop a Precedence Grid for thefamily of tasksin each leve of the
WBS starting at Levd | and continuing down to Levd IV and possibly even to
parts of Leve V. Wewill havefour or five P-G’s to study and compare. Starting
simply and adding complexity in stages helps us to understand the project better
and to select the appropriate set of tasksto be scheduled.

The WBS for the Warehouse Project was developed in Chapter 2 and the
family of tasksin each level of thisWBS are listed in Appendix B. These provide
the namesfor the tasksfor each PrecedenceGrid. We will begin with Leve | (the
Goal) and carry through to Levels T, I1I, and IV to illustrate the process.
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START A END

Start of Project START | \:\ | X I . l
To Construct . . . .
A Multi-Tenant

Warehouse

End of Project END -

Flgure 4—-1  Precedence Grid for Level I of WBS (The Goal of the Project).

Precedence Grid for Level | Tasks

The PrecedenceGrid for Leve | in Figure4-1 isquite superficial becausethereis
only one*'task,"” the Goal Statement: " To Build the Warehouse." ThissimplestP-
G remindsusthat the project hasa START and an END, each of which would be
specifically defined in the contract. Every project must have a specified set of
starting and ending conditions.

The START column and the END row will not be included in later Grids
because nothing ever precedesthe START or followsthe END.

Precedence Grid for Level I Tasks

Leve II of the WBS expands the Goal into three STAGES for the project: The
Prime Construction, The Model Office, and Completion of Custom Space. Their
P-Gisshown in Figure4-2 and theresultingvery s mpleschedule, asimpleend-to-
end seguence, isshown initsaccompanyingBubbleDiagram (AON) (Figure4-3).

Follower Tasks
1 2 3 END

START | - .

COMPLETE SHELL & SITE STAGE ONE 1 o X | -

BUILD MODEL OFFICE STAGE TWO 2 NP -

COMPLETEALL INTERIORS ~ STAGE THREE 3 o] X
<

Figure 42 Precedence Grid for Level I} of WBS (Three Stages of the Project).
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Figure 4=3 Bubble Diagram (AON) for the Level Il Model.

Precedence Grid for Level Ill Tasks

For this example, we will consider subdividing STAGE ONE only, the major
activity of thetotal project. Normally, al three stages must be considered at the
outset, but becausewe are concerned with the construction schedule, the last two
stagescan be considered as separate projects. We have assumed that Stages2 and
3 will not beattempted until after Stage 1 has been completed. Figure4-3 shows
this sequence. The primary construction breaks down into eight tasks (Appendix
B) and the PrecedenceGrid for these eight Leve III tasksisshown in Figure 4-4.

The precedence information is a distillation of al the information you col-
lected from your consultants and experienced construction superintendents. Y ou
may question someof these sequencingdecisions, but it isnecessarytoaccept them
as"givens’ until you have an opportunity to analyze the construction processes
and correct any conflictinglogic.

Recdl that multiple X's in a row mean these tasks can be started simulta-
neoudy (study rows1, 3, and 5). Tasks2 and 3 can beginassoon astask 1isdone.
Alternatively, multiple X's in a column mean that the task named by the column
cannot begin until al of its predecessor tasks (the X's in the column) have been
completed (study columns4, 6, and 8). For example, in column #4 (Task #4 isa
follower), Task #4 cannot be started until both #2 and #3 are finished.

These are Follower Tasks
1 2 3 4 5 6 7 8END

START |
Prepare the Site
Install Site Service
Install Foundations
Install Under-Slab Services
Build the Structure
Lay Concrete Slabs
Install Building Services
Complete Site Work

O~NOOM~MWNPE

Figure 44  Task List and Precedence Grid for the 8task (Level Ill) Model.
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Figure 4-5  Bubble Diagram for the 8task Model.

The simple Bubble Diagram for the precedencedata of this P-G is shown in
Figure4-5 toillustratethe evolutionof our method toward a schedule. Study link
5-8 toseeif itisnecessary. -

Level IV Task Model of the Project--36 Tasks

Leve IV of the WBS contains 36 tasks whose sequencing requires more careful
thought than was needed for the previous 8-task model. The precedence links
recorded in Figure 46 represent input (someconflicting) from several sources.
Our purposeisto study and edit this data before attempting to draw its network.

The precedenceinformation of these 36 tasks shows a marked improvement
in detail over the P-Gfor Leve IIT (8tasks) but it isoverly complex and unwieldy
as a learning example. However, rather than rgecting it out of hand, we can
observesevera useful thingsfromit. Item #3 inthelist belowisthe key that allows
usto modify thisset of 36 tasksinto a 24-task model. This24-task model of the
warehouse isthe study examplefor the remainder of the book.

APPLICATIONS OF THE PRECEDENCE GRID

1 Find redundant precedence rel ationships.

2 ldentify potential " dummy" tasks required for an Arrow network.

3. ldentify groupsof tasksthat can besafely merged back into moregenera
"' super-tasks.”

4. Identify potential "loops" in the networks.

Each concept inthislist isdescribed morefully in Appendix D, completewith
simple but hypothetical examples. Refer to these examples and work through
them; they will help you understand this discussion of the warehouse.

Y ou should find that a Precedence Diagram is valuable for identifying and
dealing with the problem areas noted above. Drawing the network after refining
its P-G is much smpler than attempting to draw from the raw information. In
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These Task Numbers Follow the Task List for LEVEL IV of the WBS

(units) | 10's | 20's | 30s E
123456789012345678901234567890123456N
D
Project Start ST XX
Conduct Legal Suwey 1 0-X-X
Make A Soils Analysis
Rough Excavate the Building Site
Establish Structural Base (Good Fill) 4 O- X '
Trench for Site Services 5 . -0X )
Install All Conduits. Pipes, etc. 6 OoX
Connect to Municipal Services 7 ox
Backfill and Compact 8 0., X+ *"rorororororrowo ’
Excavate for Foundations 9 OXX
Drive Piles 10 - - + o XOX - X o
Place Footings Formwork 11 OX
Place Reinforcement 12 OX
Pour Concrete 13 oX- - X-
Apply Moisture-Proofing 14 O © " v XXX X"
Trench & Bed for Under Slab Services 15 « ¢« o0 0. D » ) G T
Install Conduits, Tubes, etc. 16 OoX .
ConnectTo Site Services 17 oxX
Backfilland Compact 18 o- - X
Build Block Walls 19 OoX
Erect Roof Structure 20 s o+ s e e e e e a0 e s OX o ¢ ¢ ¢ o o o ¢ o « .
Install Doors and Windows 21 OX
Paint Wood Trim and Concrete Block Walls 22 0-.-"""" + X
Lay Vapor Barrier for Slabs 23 OX
Lay ReinforcementMesh and Rebar 24 OX
Pour Concrete Slabs and Finish P I R R T T P OXXXXX = = Xww s
Install Sanitary Plumbing 26 o: - - - X'
Install Storm Drains 27 O+ =« "X
Install Electrical System 28 oX -« -X.-.X*
Install HVAC 29 R
Install CommunicationSystems 30 ¢ e C o:- - X-
Install Roads and Parking 3 O- +X-"
Lay Walkways 32 O..X-.
Install Area Lighting 33 0..X-
Install Fences 34 0-X'
Do Landscaping 35 ¢+ 0 s e G e e e e e e e e e e e OX.
Clean-Up Mo - OX

Figure 4-8  Task List and Precedence Grid for the 36-task Model of the Project.
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particular, AOA networksinvolving multipleprecedencerel ationshipscan be very
confusing and difficult to son out correctly without prior thought.

Loops and Multiple Links

Aviolationinlogicis produced by links(9,10) and (10,9): these state that task 10
must follow task 9, BUT task 9 must alsofollow task 10. Oneof these statements
must be wrong, which meansthat you must consider the actual construction se-
guencing to decide which one must be removed. If the piles(#10) must be driven
before the foundations excavations (#9) can begin, then link (9,10) is obvioudy
wrong and must beremoved. Such errorsinthelogicof precedencestatementsare
known asloops.

If we search the warehouse's P- G (Figure4-6) for multiple precedence rela-
tionships, we can identify severd: they have rowsand columnswith multiple X's
with an X at their intersection. Thefollowingcasesare pairsof that type:

Row #1 and Column #3

Row #9, Columns#10 and #11

Row #10, Columns#11 and #15

Row #14 and Column #33

Row #25 at Column#29

Row #28 and Columns#29, #33, and #36

Careful study of thefirst set indicatesthat thelogicis sound, becausetask #3
can follow #1 and #2 in either type of network. But a dummy task (1,3) will be
needed inthe AOA diagram (becausea task arrow canstart at only oneevent, not
two). A smilar argument holdsfor thelink dictated by cell (14,33). You will find
it valuable to draw a small AON and AOA mini-network to prove to yoursdf
wherethelogiccannot besmplified. Useall thetasksidentifiedin theintersecting
row and column to draw the mini-networks. The complete AON network for the
36-task model showsall thelinksnoted inthe PG See Figure4-7.

For AOA networks, when two (or more) tasksfollow two (or more) predeces-
sor tasks (referto Figure4-8) careful study isneeded to incorporatedummy tasks
and events. In this example, tasks #29 and #33 each follow #14 and #28; the
relationships are complicated by #31 and #32 a so following #14. If these latter
two tasks were not there, then #33 could be connected directly to #14 and a
dummy task could be added showing that #33 followed #14 as well as #28.

In the actual case where #31 and #32 also follow #14, a dummy event is
needed to separate the complex dependencies and two dummy tasks a“e now
needed. Study this example critically to appreciatethe true dependencies. Look
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Figure 4-8 Multiple Dummy Tasks in AOA Networks.

closdy at the P-G (Figure4—6): column#33 intersectswith rows#14 and #28; all
contain multiple X's and the X's at the intersections identify potential dummy
tasksfor the arrow network —links 14,33 and 28,33.

Anotheridiosyncrasyof AOA networksisillustratedin Figure4-8. Tasks#31
and #32 cannot end at thesameevent becausethey would havethe same™ name';
thereforea dummy event and task isintroduced to circumvent this problem. Also
be convinced that the dummy task linking#14 to #35 is redundant and unneces-
sary: compare thiswith thelink 14,35 in the P-G.

SIMPLIFYING THE MODEL

Whenasinglestringof X's parallelsthediagonal of theP- Gand noother X's exist
on either side of this string, the string identifiestasks that could be grouped to-
gether into a super-task. Consider the 36-task P-G for the warehousewhere there
are several strings.

There are several short task sequencesdisplayedin the Grid in aline next to
the diagonal: (5-6-7-8);(9-11-12-13-14);(15-16-17-18);(19-20-21-22);and (23~
24-25-26). Each of these 5 sequences can be grouped together into a super-task,
smplifyingthe P-G and reducingthetotal number of tasks. Thiscansafely bedone
because there are no "outside” tasks linked to the intermediate tasks in each
group.

Consider thefirst set (5-6-7-8)in Figure4—7: #1 precedes#5, and #15 follows
#8, with the smple sequence between. Thesefour tasksare the sub-tasksd "In-
stall Site Services' and they may bereplacedin the model by thissinglesuper-task.

Another such set appears to be 9-11-12-13-14, but 14 cannot be included
because 19 also follows 13, and 13 must terminate this group; only 9-11-12-13
can bemergedinto onesuper-task. SeeFigure4-9. Study thesets15-16-17-18,19-
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REMOVE

SUPER-TASK
'INSTALL FOUNDATIONS"

\FORMS REBAR C O N ~ ~

Figure 4-9 Grouping Tasks into a Super-task.

20-21, and 23-24-25-26 asadditional examples. Note that 22 cannot beincluded
after 19-20-21 becauseof thefive other tasksthat also follow 21.

To identify these sets, look for tasks that depend on each other but have no
other linksin their rowsand columns; there must be blank regionson either side,
and above and below the string of X's Study the nature of these tasksto decide
whether it is sensible to merge them. Sometimesa set will includeall the compo-
nentsof thework areadf the previousleve inthe WBS thus simplifyingthe name
for theset. Thisisnot a hard and fast rule, so alwaysstudy thetaskscriticaly. The
first set (9,11,12,13) becomesthe " Poured Concrete Foundations” super-task.

DEVELOPING THE 24-TASK MODEL FOR THE WAREHOUSE PROJECT

Theseoptions have been pointed out toillustratesevera useful applicationsin ana-
lyzingthe 36-task P-G of thewarehouse project. Wewill modify this36-task P-G by
mergingthefivesetsof tasksintofivesuper-tasks, reducingthetotal number of tasks
by 12. The revised P-Gwill now have24 tasksplustheSTART and END milestones.
This24-task mode of the project will bethe basisfor our schedulingexamples.

USES FOR TASKS IN LEVEL V

Most of thetasksinthisdetailedlistaremuchtoo detailedtoincludeinthe project
schedule, but some will be needed for estimating the cost and duration of their
super-tasksin LEVEL IV. Each group in Leve V can be treated as a small sub-
project whosetotal duration and cost are needed by their super-tasksin LEVELS
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III and I'V. We can make time calculationsof each small network to find itstotal
duration, and then usethat duration in the analysisfor the total project.

Further breakdown of many of the 46 work areasof LEVEL V requiresinti-
mate knowledge of the techniquesapplied by the individua trades in executing
their work. This breakdown might be very useful to certain foremenasthey orga-
nizetheir ownwork but it isseldom requiredfor organizingthetotal project.

THE 24-TASK MODEL OF THE WAREHOUSE PROJECT

We have grouped small familiesof tasksinto super-tasks(actually a super-task is
a sub-project) and reduced the number of tasksin our project to a more manage-
ablelevd. Thesetwenty-four activitiesare not all inthesameLeve of the WBS but
thisis not important because no sequencing data was ignored and no tasks were

IDENTITY NAME OF TASK (or Milestone)
START (likely defined by the clearanceto spend money)

1 Legal Survey of the Site

2 Perform a Soils Analysis

3 Rough Excavate the Building Area
4 Provide a Solid Soil Base

5 To Install Site Services

6 Drive Piles

7 Concrete Foundations

8 To Install Under-Slab Services
9 Construct External Block Walls
10 Erect Roof Structure

1 Install Doors and Windows

12 Painting

13 To Lay Concrete Slabs

14 Sanitary Plumbing

15 Storm Drains

16 Electrical

17 Heating and Ventilating

18 Install Communication System
19 Roadways and Parking

20 Install Walkways

21 Area Lighting

22 Fencing—Gas Meter

23 Landscaping

24 Clean-Up

END (of Stage One)

Flgure 4-10 Task List for the 24-task Model.
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Units +10 +20 E
123456789012345678901234N
D
START X ¢ ¢ & ¢ o 0 o v e e e et e e e e e e e e v
Survey 1 - X X
Soils 2 Lo X
Excav 3 . o X
Base 4 < X
Sew. 5 . X - . X -
Piles 6 XX
Found 7 . X X
USlab 8 X
Walls 9 X
Rodf 10 +X X XXX
Doors 11 - X
Paint 12 X
Conc 13 - X XX
Plumb 14 X
Drains 15 X
Elect 16 - X
HVAC 17 X
Commun 18 X
Roads 19 . XX
Walks 20 . X
Lies 21 X
Fences 22 - X
Landsc 23 . X
Clean 2 . =X
Figure 4 — || Precedence Grid for the 24-task Model.

omitted when we developed the super-tasks from the deeper levels of the Work
Breakdown Structure. The Level V tasks are accounted for as they are *'sub-
merged” in their super-tasks.

The twenty-four tasks of varying size and complexity that define our ware-
house project are listed in Figure4-10: theseare the tasksto be scheduled in later
chapters. The 36-task P-G has been smplified into the 24-task P-G shown in
Figure4-11

THE AON (BUBBLE") DIAGRAM FOR THE 24-TASK MODEL

You will find the detailed development of this network in Appendix E Severa
highlightsof that developmentarerepested here. AON networkscan be devel oped
from the START or the END milestone, depending on how your mind operates



CHAPTER 4 — DEVELOPING NETWORK DIAGRAMS FROM A PRECEDENCE GRID 59

Flgure 4-12 Start of the Bubble (AON) Network.

most comfortably, but beginningat the START followsthe natural order of con-
struction. Figure4- 12 illustratesthefirst few tasks beginningfrom the START.

Each Bubblecontainsthe task's referencenumber from thetask list in Figure
4-10. Later we will enlarge this Bubble to contain other data; but for now, our
objectiveisonly to develop a correct network. With a sketched first draft, tasks
and logiclineswill be placed in what will later becomeawkward locations; thisis
what a draft isfor. When al precedence data from the P-G has been dealt with,
then the draft isready for itsfirst revison: reducing cross-overs, placing all task
bubblesto theright of their predecessors,and producinga more pleasing, easy-to-
follow array of task bubbles. See Figure4- 13.

THE ARROW (AOA) NETWORK

The development of this different network for the warehouse project appearsin
Appendix D, but highlightsare reproduced herefor reference purposes.

Thefirst draft isa hand-drawn " Thinking Picture,” inwhich task arrowsand
eventsare placed accordingto the X's in each column of theP- G See Figure4- 14.
In cases where the correct task arrow must be linked to a task not yet on the
diagram, shift over to links (X's) in a convenient row. When an arrow terminates
tooearly becauseitsend event cannot be perfectly placed, it isextended | ater tothe
correct event with atemporary dummy. See Figures4- 15 and 4- 16.

SUMMARY

We have developed both the Bubbleand the Arrows network for the construction
project without having any knowledged the durationsd theindividua tasks. The
basisfor thiswasthe Precedence Matrix of the minimum number of tasksadequate
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Flgure 4-15 Improved Hand-drawn Second Draft of Warehouse 24-task Model.
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for the purposesof drawing thesefirst networks. Thissimplest set of tasksevolved
from studying the PrecedenceMatricesfor the upper levelsof the WBS and revising
severa work packages based on the required order of construction.

Precedence Gridswere used to identify duplicate precedencelogic, search for
errors in the logic, and re-order the rows and columns of the P-G to simplify
drawingthenetwork diagrams. These networksarenow ready to accept durations
for each of the tasksand thereby the timefor each event. Thefirst draft schedule
will soon beavailable.

EXERCISES AND PROBLEMS

1. Preparethe P-G for the following renovation project. Afterward, list the
individual tasks, assign reference numbersor letters, and set up the grid
on squared paper. The precedenceinformation is

Sandingand varnishingthe wooden floorsisthe last thing to be done;
Just beforethefloorsare done, the interior and exterior painting must
be finished;

After the contract is signed, the old wallpaper can be removed, the
wooden interior trim and cabinets can be removed, and the exterior
wooden wallscan be sand-blasted;

After the sand-blasting, paint thewalls;

Replace the cabinetry after repairing the walls;

Lay the new kitchentilesafter the cabinets have been installed;

Paint theinterior wallsafter installingthe new cabinetry and laying the
new floor covering.

2. Theaccompanying Precedence Diagram includes extraneous precedence
relationships. Identify them, name the category of each one, and then
correct the relationships (X). Ensurethat logic needed by the Arrow dia-
gram is not destroyed.

A B CDEF G N
START | X D|

OmMmMoUOm>
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Draw the Arrow diagram for the original data, including all the rela-
tionships given. Draw a final AOA based on your corrected RG You
should rearrange the rows and columns so that no X's are below the
diagonal.

Draw the AON (Bubble) diagramfor your corrected Precedence Grid.
Create your own routefor travelingfrom Elkoto New Y ork City. Allow
for two sidetripsfor two of your friendsand allow threedaysto repair
your car at one of the stop-over towns. From your written proposal to
your friends before leaving the West Coast, make up a P-G for the total
trip and then draw the AON network fromyour P G

5. DeveopaP-Gfromthe Arrow network shown below and then draw the

Bubble (AON)from your P-G.

A~ W

=C - —~ T - = END

START






CHAPTEHR

TIME AND THE DURATION

LEARNING OBJECTIVES
After completingthis chapter, you should be ableto:

Understand and explainthe difference between Timeand Duration; Calen-
dar Timeand Project Time.
Assamble material listsfor a task based on an Estimator's Quantity Take-
Off data.
Sdect appropriate crews for a construction task and record productivity
and related data from common references.

= Calculatethe nominal duration of atask and quote thevalueto the appro-
priate numerical precision.
Usea spreadsheetformat for manual calculations.

PREPARATION FOR THIS CHAPTER

Your knowledge of the cost estimate data will be necessary in order for you to
determinetheduration of atask. Estimator's reportslist the resources, equipment,
and human expertiserequired to reach each task's objective. Y ou must appreciate
and understand the meaning of their terms so that you can make meaningful
calculations. The formulasthat direct these cal cul ationsare not complicated, but
you should be able to do the simple arithmetic and mentally check each one to
uNCover errors.
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AON & ACA

MATRX | _ 2 | NETWORKS

|OBJECTIVEST * 1 1 1DEFINEDI r 1CONSTRUCTION

Flgure 5-1  Review of the Stages of Analysis.

INTRODUCTION

We will be estimating the durationsfor each of the tasksin the 24-task WBS so
that we can introduce them into the network we developed in the previouschap-
ters. In Chapter 6 weshal makethecal culationsthat will give usour first draft of
aschedule.

Before starting on this actual construction-oriented part of our work to de-
velop a schedule, we should consult Figure 5-1 so that we can review how we
reached thisstage.

Thisprocesshasfocused on the heart of the project by selectingtasksfromthe
highest useful leve in the WBS and rejecting incorrect and superfluousinforma-
tion. Thisdiscipline has kept thesze of the network as small as possible but has
al so provided adequatedetail for schedulingthe project, an attractiveand valuable
tacticfor amanua andysis. Thisdesireto maintainasmple view of theprojectis
in conflict with the natural desire to incorporate more detail. We must always
balance these opposing pressures by ensuring that the levd of detail will be just
adequate for our needs. We will find that segments of a schedule can be refined
later to include moredetail, with generdly little effect on the overal schedule.

Thischapter introducestimeinto the networkswe have aready prepared, add-
ingagood ded of redismtotheandyss. Withtheintroductionof thisnew e emernt,
we sensethat weare getting much closer to preparinga schedule. But beforewedo,
it is necessary to clarify our ideas about the conceptsaf a timeand a duration.

THE CONCEPT OF TIME

Albert Eingteinintroduced a revolutionary changein the way some people under-
stand TIME. We have no need to study how the Theory of Relativity might affect
our schedules, but we do need to consider afew ideasabout timein the context of
scheduling. Thereare two: TIME and DURATION.

We have good analogieson our wristsfor these two concepts: our watches
indicate the passaged time with the sweep-second hand; pointsin time areindi-
cated by the apparent stationary values in the date window, the position of the
hour-hand, or a digital read-out. You quote the time as "' Twelve Twenty-Five*;
but you bake a cake for "'Forty-five minutes,” which is the cooking duration.
Seldom would you sy, ""Bake the cake from 12:10 to 12:55” to indicate the
cooking duration.
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Duration measures the passagedf timeand, particularly in scheduling, is the
"Durationfor Executinga Task." Theword timewill be used to indicate a point
intime, suchasadateor aparticulartimedf day; say, 8:00 AM. on August 25. In
particular, we shall use such terms as "Earliest Start Time" and "Latest Finish
Time" and "Early Timeand Late Time," and so forth to name particular TIMES
in a schedule.

On acaendar, TIME ismarked by a date, which changes when one 24-hour
period inexorably marcheson to the next. For a project, productiveeffort isaccu-
mulated in discontinuous periods so that a "day's work" is generaly one eight-
hour shift: it has long been caled "one man-day.” The duration is measured
between the "' clock-intime™ at the beginning of a working shift and theend of a
shift; it may also account for short non-working periodsduring the day, for such
things as lunch and coffee-breaks. Consider the following example: *"With pick
and shovel, a homeowner dug aditch in 16 hoursof work."”

Thus he worked for a total of 16 hours to achieve the objective. But as few
ordinary humanscan dig continuously for 16 hours, we may assumethat the effort
occurred during shorter periods, spread over severd days, asillustratedin Figure5-2

Many construction tasks routinely extend over severa working days. If the
ditch-diggingexamplewere part of acommercial construction project madeup of
eight-hour working days, oneworker would compl etetheassignmentin two days.
The point hereisthat task durationsgovern theduration of a project. Only work-
ing periodsare counted; lunch breaks, nights, weekends, and holidaysareignored.

Project Time and calendar Time--Days and Dates

"Project” timeisnot thesameas" calendar" time. Project timeisthetotal count of
working days from the beginning of a project; typically, one working day would
be one shift. A project beginning on Monday, August 5, would accumulate 20
working days by the end of the month, twenty-six calendar days later. Friday,
August 30, would be Project Day 20.

In a project's working schedule, time moves steadily through one task to an-
other without a break, ignoring nights and holidays, as shown on the hours-based

HOMEOWNER] I 1 11111 1 |
versus WED THURS FRI SAT SUN MON TUES WED
LABORER | I | ] | [N |

8 HRS 8 HRS

Flgure 5-2  Discontinuous Work Shifts by One Worker.
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CALENDAR DATE MAY5 MAY6 MAY7 MAY8 MAY9 MAY 10 MAY11
PROJECT DAY 30 -3 32 - - 33 34 35

Figure 5-3 Project Days and Calendar Dates.

Gantt chart in Figure5-2 Even though a task may occur during severa shiftsover
severd days, theanalysisof aschedulecountsonly thetotal workingtimeof atask.
If durations are measured in working days (that is, one eight-hour shift per day),
then the Start Timefor atask, the Timedf an event, isindicated by the number of
Project-Daysfrom the start of the project. Later, al the project days can be con-
verted to calendar datesfor on-the-job management. Refer to Figure5-3.

Appropriate Units for Durations

We use unitsof time measurementappropriate to the application. The 100-meter
dash istimed in seconds and thousandthsof a second. So isthe marathon (hours,
minutes, and seconds), but seldom does the marathon require measurement to
""the second.” Sprinters race for improvementsof hundredths of a second, but
marathoners concernsare with minutes. The duration of the activity affects the
precisionof the unitsused to measureit: thelonger theduration, thelessimportant
are the smaller units. Construction tasksand projectsfollow the same policy.
Short-term projects, such as building a prefabricated assault bridge acrossa
river for a military crossing, measure durations o tasks in minutes. Building a
major highway bridgeacrossthe sameriver could taketwoyearsand itsindividual
tasks might be measured in days or weeks. The choice of units depends on the
duration of typical activitiesand on theduration of thetotal project. Itisabsurd to
use minutes for a two-day task when hours are more reasonable. For example,
whichisthe morerealisticunit of measurementwhenyou consider the equivalent
durationsof 2 daysor 15 hoursor 900 minutes?Using minutessuggeststhat you
know the duration to within a few minuteseither sideof the two-day estimate.

Numerical Precision

Usingunitsthat aretoosmall impliesan extremeorder of precisonthat isunlikely
to bewarranted and would be deceptiveto others. Estimated durationsare subject
to uncertainties: when you estimate a five-day duration for a task you know it
could likely vary one day either way; the "five days" is understood to be a target
duration. Alternatively, when recordingtheactual duration of thecompletedtask,
which might have started on project day #37 and ended on day #43, you would
haverecorded " Six Days™ If you wrotedown 6.00 days, it would imply that you



CHAPTER 5 — TIME AND THE DURATION OF ACTIVITIES 71

were sure of the duration to within one half of the last-quoted digit: that is, .005
working days or about 2 minutes. We must take into account " Significant Fig-
ures” in quoting numbers so that we pass on to the reader our degree of uncer-
tainty regarding the number we quote:

6 impliesa number between5 and 7

6. impliesa number between 5.5 and 6.5

6.0  impliesa number between5.95 and 6.05

6.00 impliesa number between5.995 and 6.005, etc. ...

Theserelative uncertaintieshave been graphed to scalein Figure5-4 toillus-
trate the extreme precision implied when quoting a number like 6.00.

In Chapter 11 we will study the effects of uncertainty through the PERT
System, in whichthreetimeestimatesare required to indicatethe rangeof possible
durationsfor atask. Weshould not become hypnotized by the supposed precision
of our estimated durations. Even if they are based on the best information avail-
able, we must alwaysremember that they are only forecaststhat effectivemanag-
erstreat as targetsto be attained or surpassed.

The Importance of Good Time Estimates

Y our schedule may be no better than the least accurate of your estimated dura-
tions. There are many factors affecting the actual duration of atask, and that can
make your estimates easy to criticize but difficult for you to defend. A faulty
estimate can divert the construction manager's attention away from other critical
work areas, causingconfusionon the job-gte. A job does not need such surprises.
If several masonry tasks were estimated to take 25 days and the masonry crew,
working at their usual rate, finished in only 15 days, then the trades that follow
might not be ready to start due to other prior commitments and the schedule

NOMINAL SIX DAYS |

0.5
f0.05 =+

f0.005!

+
0.5 l

-—

|

Flgure 54  Relative Degrees of Uncertainty.
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would likey "dip." Surprises like this disturb the schedule, which may require
heroi c correctivereactions from you and may possibly damage your professional
ego and your reputation.

As your time estimates must stand up to the scrutiny of others, well-recog-
nized referencedata and the advice provided by your local expertsshould be used
to evaluate bid estimates. M ost firms collect and compiletheir own statisticsand
build up a databasefor future reference. Thiskind of data is available commer-
cidly, is updated annually, and is a good place to begin when you have little
personal experienceto useas your guide.

We will refer to one such reference: Building Construction Cost Data, pub-
lished by RS Means Company. This reference provides hundreds of different
crew definitions, along with their productivity rates, costs, and so forth. An ex-
ample o information on standard crews is reproduced in Figure 5-5. Means
publicationsare updated annually and are widdly available.

| crREWS |

Inel. Ceost inel,
Crew No. Bare Costs SubsOAP Por Man-Hour Crew No. BarsCosis SueOAP Por Man-Howr

Figure 5-5  Examples of Standard Crews. From Means Building Construction Cost
Data, 1994. R.S. Means Co., Inc., Kingston, MA. All rights resewed.
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CALCULATING THE DURATION OF A TASK

The cost estimatefor the project was based on thequantity of work to bedonefor
each dement of the project and the method usad to accomplishit. For example,

Assembleawall 8' x 30" of 8" x 16" concrete blocks, usng an inexperienced
masonry crew capabled layingonly 200 blocks per day.

Y ouwould haveestimated the productivity of thecrew (200 blocksper day) from
your own experiencewith that particular crew or from other reliable advice.

Knowing the productivity of thesdected crew and the quantity of work to be
done (approximately 240 blocks), the duration iscaculated by:

Duration = Quantity of Work divided by the Productivity of the Crew
240 blocks+ 200 blocks per day
12 days

Asanother example, assumethat a "' Ditching Crew" can excavateat therate
of 5400 cubicfeet per day. Wecan estimatetheduration of trenchinga 2700-foot-
long ditch 4 feet x 2 feet in cross-section by dividing the volumeto be trenched by
the daily productivity of the crew:

(2x 4% 2700)+ 5400 = 4.000 days (fromthe calculator screen)

Precision of Quoted Values

The question arises how to quote the duration that we have just calculated. Is it
4.000 or 40 or jug 4? Quoting 4.000 announces that we are confident that the
duration lies between 3.9995 and 4.0005 days thisis absurd because.0005 daysis
14 seconds. If we bdievethat these nomina dimensionsd thecross-section (2feet x
4 feet)can vary within 5 percent, then theareadf the cross-section could beassmal
as 90 percentand aslargeas 110 percent of the nomina vaued 8 squarefeet. The
volumeto be excavated could then vary between 78,000 and 95,000 cubicfeet:

Using theselimits, the duration would vary between 3.6 and 4.4 days. Because
of the uncertainty of the excavated volume, we cannot quote the above duration
with any greater precisionthan 4 days (not 4. or 4.0, and certainly not 4.000).

Worker Productivity and Cost of a Task

Whereasthe Crew Productivity determinesthe duration of the task, the Worker
Productivity isfound by dividing the Crew Productivity by the Crew Sze.
In the ditching example, if there were 3 workers in the crew, the Worker
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Productivitywould be5400+ 3 =1800 cubicfeet per day per worker; or, inamore
abbreviated fashion, 1800 cu ft/man-day. Three workers toiling for four days
resultsin 12 man-daysof human effort; if a worker's averagepay is $135 per day
($135/man-day), the direct cost of labor for the task is12 man-daysx $135/man-
day = $1,620.

If working conditions reduce the productivity of each worker, then the crew
productivity isreduced and thetask's duration increases. Becausethe worker isstill
paid $135 per day, the job's direct labor cost increases. If cool weather reducesthe
worker's efficiency by 15 percent (outputis reduced from 1800 to 1530 cu ft/man-
day), then the crew's output would be reduced to 4590 cu ft/day and the task's
durationwouldincreasefrom 4 daysto 4.7 daysand itscost from $1,620 to $1,903.

Wewill usetheWorker Productivityconcept when westudy thecost penalties
of acceleratingtasks to shorten a project.

DURATIONS IN FIXED-PRICE CONTRACTS

The direct method of estimating the nominal duration of a task is based on the
amount of work to be done and the " best" crew for doing that job. However, in
the majority of casesthe construction project has been won through biddingon a
fixed-pricebasis. Inthiscasea different approachis used to determinetherequired
duration of atask: the bid amount combinedwith the daily direct cost determines
theduration requiredto be" On Timeand On Budget" for that task. If all tasksof
a project were On-Time-and-On-Budget then the project would also be Thus
when durations are determined from the budget estimates, the resulting schedule
has an added dimensionthat isof concernto management: COST.

The Bid Amount was compiled from the sum of al coststo the contractor of
eachelement of work to bedone. If, for example, thedirect |abor cost of construct-
ing the masonry wallswas $20,000 and the labor cost of the crew is now $850 per
day, then the job must befinished in less than 24 days or the company will lose
money on this important component. If the estimate was rationally developed
using the most efficient crew, then the duration based on cost should satisfactorily
agreewith the basicduration using Volumed Work Crew Productivity. If it does
not, then the task will require special attention beforeand during construction to
maintain budget and time targets.

We will pursue the effectsof this constraint on the duration later, when we
consider ways to shorten a single task to reducethe duration of the project.

OBTAINING DURATIONS FROM QUANTITY TAKE-OFF DATA

The amount of work to be done, the kind of materialsrequired, and the method
for doing the job determinethe selection of theideal crew to do it.
The Quantity Take-Off worksheet liststhe materialsand the method, and the



UcCl

CODE DESCRIPTION COMMENTS QUANTITY UNITS
412 Masonry, WestWall  Standard 4180 SF
412 Masonry, S. Wall Ribbed 770 . SF
412  Masonry, NorthWall  Ribbed 378 .°" SF
412 Masonry. NorthWall ~ Standard 152 - SF
412 Masonry, East Wall Standard 1204.5 SF
412 Masonry, East Wall Ribbed 5815 SF

Figure 5-6 A Portion of an Estimating Sheet.

WBS namesthe packagesof work that will consumetheseresources. Thereshould
belittle need for the scheduler to refer back to the detail drawingsof the structure.
As an example, a portion of the Materials List for our warehouse has been
copied from the Appendix B to Figure 5-6. The concrete masonry block walls
appear in six entries under section 412 of the Unified Construction Index code.

There are 5536.5 square feet in surfacearea of standard blocksand 1729.5
squarefeet of ribbed blocks. A review of the drawingsand the WBS indicatesthat
theconstruction o thesewallsconstituteonetask and thereisan appropriate crew
todoit.

Referring to the Meanscatal oguecf crews showsthat Crew #D-8 isappropri-
atefor thistask; it can lay 345 blocks(8" x 16") per day. And sinceeach assembled
block occupies one sguare foot of surface area, there are 7266 blocks to be as-
sembled. Hence, the estimated duration of thistask is 7266 blocks+ 345 blocks
per day = 21.06 days, which we would quote as 21 days because 21.06 *'rounds-
off" to 21 (since0.06 islessthan the precision of 0.5). Dependingon your confi-
dencein the productivity estimateof your crew, you might fedd moreconfident in
quoting 20 or 25 daysinstead of 21.

Tabular Method for Calculations

Thistypeof calculation will be repeatedfor every task identified in the WBSand
shown in the network of tasks. Expediency and efficiency dictate that we must
become organized when making repetitious calculations and especialy when
many such cal culationsmust be made. Ultimately, you will do thistypeof calcula-
tion by computer, but we will begin here with manual methods to develop skills
and to become familiar with tabular methods.

Line-by-linecal culations (above) are adequate to explain a singlecal cul ation,
but repetitivecal cul ationsshoul d alwaysberecorded in a tableto makeit easier to
check them, compare them with the other results, and find errors. A calculation
tablefor durations (Figure5-7) isset up with the following columns:
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CALCULATINGTASK DURATIONS FOR ROOFING SUB-PROJECT
TASK UCI MATERIAL CREW PRODUC-
NO. NO. NAME QUANTITY UNITS NO. TIVITY  UNITS DURATION
mn @ () () () (6) @) ®) ©)
1 521 TRUSSES 22 Tons E-7 10 Tons 2
2 531 DECKING 6650 SF E-4 980 SF 7
3 720 INSULATION 6650 SF G-1 3500 SF 2
4 733 CLADDING 2172 SF G3 1000 SF 2
5 610 OVERHANG 1577 BM F-2 450 BF 4
6 733 SOFFITS 802 SF  2CARP 210 SF 4
7 751 FLASHING 1650 SF 2 Shee 280 SF 6

Flgure 5-7  Spreadsheet Headings for Duration Calculations.

Column Lisassigned by youfrom thedefinitionof the tasksand the\VABS. The
data for Columns 2 through 5 are taken from the Quantity Take-Off sheets;
columns 6, 7, and 8 are from the Means crew catalogue; column 9 isfound by
dividingthetotal quantity in column 4 by the productivity valuein column 7.

Tabular calculationsimprove your efficiency because you fill out one com-
plete column at a time with the same kind of data. By doing so, your mind can
focuson one process, such aslooking up crew datafrom referencematerial, before
movingtothenext columntoexecuteadifferent mental process. Intheline-by-line
calculation your mind changesfunction at every step, which—when repeated hun-
dreds of times—acceerates mental fatigueand leadsto errors.

Another valuein using tabular methodsisthat they serveasanintroductionto
computerized spreadsheets. Programssuch as Supercalcand Lotus123and others
have revol utionized accounting methods, allowing the easy manipulation of large
amounts of grouped data. Our current topic requiresanalysisof largeamounts of
quantity take-off data by grouping materialsdata associated with each construc-
tion task and accumulating amounts of like materias; the computer can do this
sorting effortlessly. Sncewewill pursuethisfurther in Chapter 12, becomeaccus-
tomed to using the tabular methods presented in this chapter.

DURATIONS FOR SUB-CONTRACTED TASKS

Sub-contractsare let to speciaty contractors (for example, electrical, mechanical,
painting, and so forth) because of the expertiseand the specialized suppliers of
materialsavailableto them. General contractors do not usually find it economical
to retain workers of al trades as permanent employees. Firmsthat provide Con-
struction Management expertise sub-contract out all of the work and will apply
their own forcesonly under exceptional conditions. |n agreeing to a sub-contract,
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the Construction Manager would require a time estimatefor the duration of the
work and would mark (SUB)in the cal cul ation spreadshest.

Estimatingthe Duration of a Sub-Contractor’s Job

TheCrew Productivitydataappliestoclearly identified tasks, not combinations of
tasks. We must therefore work with the much greater number of tasks at the
lowest level in the WBS not the fewer, general work areasat the higher levels. For
example, "' To Build the Roof"" involves severa different trades. The only way to
obtain durations of thesegenerd task areasisto accumulatethe durationsof their
component tasks. When we | et sub-contractswe leave the accumulating up to the
sub-contractor, who then quotes the duration of hiswork in the contract.

Therefore, if wewant to usea network model of our project usingfewer, more
general task areas, we must either

1 usethesub-contractor's duration; or

2 treat each as a sub-project composed of severa smpler tasks, using the
moreaccurate durations of thesecomponentsto cal culatethe duration of
the sub-project.

DURATIONS FOR TASKS OF THE WAREHOUSE PROJECT

Therelevant datafor this project isfound in the Take-Off listin Appendix B and
theTask List in Chapter 2. The durations for the twenty-four tasks are known as
the NORMAL DURATIONS; they represent the time required to execute the
stated task by the OPTIMUM CREW which, by definition, is the most efficient
combination of skilled tradesmen. It should have the most economical direct |abor
costs but it does not imply that thisisthe shortest duration. Later, wewill want to
shorten severd of these normal durations by increasing the supply of certain re-
sourcesand thereby reduce the duration of the project.

DURATIONS OF MORE GENERAL AREAS OF WORK--SUPER-TASKS

As noted above, we may want to find the duration of thegeneral task area, " Erect
Roof Structure* (task area#20). Thisisa super-task made up d seven basic-level
tasks. Wewill usethissmall project-within-a-projectas the examplefor recording
referenced data and calculating the durations. The list of all 36 basic-level tasks
(Level V of the WBS) appears in Chapter 2 and Appendix B.

Detailed Tasks far Task Area #20—“Erect ROOf Structure”
Place and Secure Roof Trusses

Install Roof Deck

Install Vapor Barrier



TASK IDENTIFICATION MEANS MATERIAL

NO. NAME REF. NO. TYPE

1 Install Roof 5.2-40 Steel
Trusses

2 Install Roof Deck 6.1-35 2x6T&G

3"wood

3 Install Vapor 7409 Membrane
Barrier

4 Install Built-Up 7409 Tar & Grav
Roof

5 InstallCanopy* 7.6-33  Steel
Cladding

6 Install Soffits 7.6-33  Alum

7 Install Flashing 76-33  Steel

Figure 5-8

Task Duration Spreadsheet.

QUANTITY UNITS

33

6650

6650

6650

105

2160
1400

Tons
sg-ft

sq ft
sqft
Brackets

sqft
lin ft

CREW

DESCRIPTION PRODUCTIVITY
MEANS
TYPE NO. VALUE UNITS
Steel E-7 17 Tons
Workers
Carps F-2 320x3 sqft
(3 crews)
Roofers G-1 3000 sqft
Roofers G-1 3000 sqft
St Wrkrs E-7 25 Brackets+
Cladding

St Wrkrs E-7 500 sqft
St Wrkrs - 240 linft

TASK
DURATION

© 1.9 days

6.9

15

22
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Install Roof Cladding
Construct Overhang
Install Soffits

Install Flashing

Each of these seven taskscan beassigneda standard crew and we can estimate
the duration for each one using the table in Figure5-8.

Example Use of a Spreadsheet for Tabulated Calculations

We do not simply sum the seven durations (27 days) to find how long the crews
taketo assemblethe roof becausesevera taskscan beworked on simultaneously:
for example, the overhang can be constructed while the deck is being installed.
Becausewe have not yet studied the time cal cul ation technique, we will make an
informed estimateof 21 daysand update the duration later. The duration should
be marked with an (*) to remind usto correct it later (after Chapter 6).

SUMMARY

A largeamount of information has been presentedin thischapter sothat wewill be
prepared to calculateour first schedulein the next chapter. We reviewed severa
conceptsof timeasthey apply to thissubject and havelearned how to differentiate
between TIME and DURATION. We saw wherewe could find universa dataon
productivity of crews doing specificwork and how to quoteour calculated results
in such a way as not to midead our readers. We gained an understanding of the
value of making repetitive calculations using tabular methods and we used this
layout to develop and record the durations.

Y ou should review this chapter until you fed comfortable with the new con-
ceptsand are able to proceed to the next chapter with confidence.

EXERCISES AND PROBLEMS

1 Takeacurrent caendar and determine the duration of a task that was
scheduled to beginon August 17 (or the nearest working day thereafter)
and to end on September 7 (or the closest working day theresfter).

2 A project that started on February 4 is currently actively proceedingon
July 18. What istoday's Project Day?

3 Thedimensions of arectangular building are 47'9" by 213'3". It hasa
perimeter foundation and two cross walls that divide it into three com-
partments. If two carpenterscan each erect 35feet of formsper day, what
duration should be allowed for thistask?

4. Makeastripcalendar by marking31equal divisionsalongalinetorepre-
sent the daysof July. Mark each division with the day of theweek (M, T,
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W, Th, F, Sat, Sun, etc.), based on your current calendar. How many
regular (8:00 AM. t04:00 PM.)) workingdaysaretherefor a job that was
consderedtostart at 1600 hourson thefirst Friday and toend at thesame
hour on the last Wednesday of the month?

5. Alargepiled earth fromaswvimming pool excavation must be removed
by trucks nominally holding 15 cu. yds By measuring the dimensions of
theexcavationyou cal cul atethe volumeto be185.0 cu. yds. If your linear
measurementscould have been consistently low by 4 percent,

a what should the volume becorrected to and to what precision would
you quote the volume?

b. how many truck loadswould you budget for?(1.04x 1.04 x 1.04 =
1.13)



CHAPTER

TIME CALCULATIONSFOR
BUBBLE AND ARROW
NETWORKS

LEARNING OBJECTIVES
After completingthis chapter, you should be able to:

e Incorporate durations and other timedata into networks.

m For an AON Network, calculatethe EARLIEST and LATEST STARTING
TIMESfor every task and henceidentify the CRITICAL PATH(s) through
the Bubble diagram.

m For an AOA Network, calculatethe EARLIEST and LATEST TIMES for
every event in the Arrow diagram and hence identify the critical path(s)
through the Arrow diagram.

m Draw a Gantt Chart using the times derived from AON or AOA systems.

m DetermineTask Floats (Total and Free) from Bubblediagrams, and Slack
timesfrom Arrow diagrams.

PREPARATION FOR THIS CHAPTER

Y ou should beableto construct Arrow and Bubble networksfrom the Precedence
Grid and be able to differentiate between event and task symbolson those dia-
grams. You should also be able to identify a cluster of tasks, group them into a
sub-project, and construct its network.
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INTRODUCTION

The primary goal of thischapter isto develop theinitial schedulefrom theinfor-
mation covered in the earlier chapters. We developed a network for the 24-task
model of the warehouse project and cal culated thedurationsof its basictasks, but
we could only approximate the durations of its super-tasks. This chapter shows
how to calculate the durations of these sub-projectsand then the duration of the
full 24-task project.

The previouschapter dealt with timeand the durations of basic-level tasks; it
alluded to how we would determinethe duration of the ROOF STRUCTURE, a
super-task made up of seven basic-level tasks. We will use this sub-project asthe
example "project™ for this section. We will work completely through the time
analysisof itsBubble(AON)diagram beforeconcentrating onitsrelated but quite
different Arrow (AOA)diagram.

THE SUPER-TASK: "ERECT ROOF STRUCTURE"

The WBS outline in Chapter 4 lists seven tasks that define the work area, " Roof
Structure.” These seven basic-leve tasks are as follows (the durations are from

Figure 5-8):
Task No.  Tesk Name Duration
1 Place and Secure Trusses 2 days
2 Install Roof Deck 7
3 Apply Vapor Barrier 2
4 Apply Roof Cladding 2
5 Construct Roof Overhang 4
6 Install Soffits 4
7 Apply Flashing 6

The AON network was developed in Chapter 4 and the durations for each of
theseseven taskswereestimated in Chapter 5. Usingthe six-sector circlefor thetask
symbol (introducedin Chapter 3), the up-dated AON Network for thissub-project
isshown in Figure6-L Notethelegend for defining the useof each of thesectorsin
thelarge bubble: the Earliest Timesoccupy the upper hdf and the Latest Times, the
lower; starting timesare on theleft haf and finishingtimeson theright half.

Toillustratethemeaningsof thesetimes, wewill construct the Gantt Chart for
this sub-project and then concentrate on making the calculations directly on the
AON diagram after these new concepts have been covered. Recal that "Bar
Chart" is the common namefor a Gantt Chart in which the length of each bar
representsthe duration of atask. The bar for afour-day task will betwiceaslong
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VAPOR
TRUSSES DECK BARRIER CLADDING FLASHING

LEGEND

Figure 6-1 The AON Network for the Roof Construction.

asthe bar for a 2-day task. In Figure6-2, task #1 is2 unitslong and task #2 is7
unitslong.

Based on Earllest Start Times

Thefirst task startsat time zero and extendsto the right for 2 units, which repre-
sent the 2 days duration of task #l. Each task startsat its earliest possible time,
whichistheend of its predecessor task. Task #2 startsat theinstant task #1 ends,
and then #3, #4, and #7 carry on in succession. Note that task #7 endsat the end
of working day 19, which definesthe duration of thissub-project: that is, the Roof
can beinstalledin 19 working days. Tasks#1, #2, #3, #4, and #7 governthe total
duration; tasks#5 and #6 do not and they havewhat iscalled "' float." That is, they
each haveafew spare daysduring which they can beexecuted. The other fivetasks
have zero "float" and are called " critical" becausetheir individual durationsare
critical tothe duration of the total project. If any one of these tasks took one day
longer, the project’s duration would also be extended one day.

Regarding the two tasks with "'float,” task #6 could be delayed two days so
that it would end at thesametimeastask #7 (end of day 19), and the bar for task
#5 could be placed just beforeit. Thesetwo tasks would occur in their latest time
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Figure 6-2  Gantt Chart for the Roof Structure Super-task.

period without affecting the project's duration. This arrangement defines the
LATEST START TIMESfor thesetwo tasks. Notethat the fivecritical taskshave
no scheduling flexibility and their Earliest and Latest Start Times are the same;
their floats are zero.

Wecould haveconstructed a Gantt Chart based on thelatest finishingtimefor
each task. Wewould have begun this chart from the END milestoneand worked
backward to the START milestone, thereby determining the project's duration.
However, we are usualy more concerned with the earliest rather than the latest
starting times for tasks so we normally add the Late Finish Time marks to the
"Early Start” Gantt Chart. The latest times are usually shown on the "earliest
start” Gantt Chart, wherethe " floats" can beclearly shown. Thecompleted Gantt
Chart appearsas Figure 6-3. Thetwo typesof floats are discussed later.

Earliest and Latest Start Times for all Tasks

The start and finishingtimescan be seen directly by referringto the Gantt Chart,
butsincewewill becal culatingdirectly onthe AON diagram, we must understand
the basisfor these calculations. Once the durations are entered into the bubbles,
the Timesare readily calcul ated:

Start Time = End Timeof Its Predecessor*
and
End Time = Start Time+ Its Duration

("When there is more than one predecessor task, select the latest ending time of
these predecessors.)
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[4 ] ¢TOTALFLOATS

Figure 63 Completed Gantt Chart.

CALCULATING THE EARLIEST STARTING AND FINISHING TIMES

Earliest Starting Time (EST) and Earliest Finishing Time (EFT) are special terms
and their abbreviations are used frequently inthistext. Timeismeasured fromthe
"START" Milestone (theTime of "START" is zero), and any task that follows
"START" must beginat Time= 0. Recall that wemark pointsintimeat theend of
the day. Tasksfinish at the end of a project-day and the next task beginsat the
sameinstant (thatis, theend of that sameday), eventhough theactual work begins
at 8:00 AM. the next work day.

Hence, Task #1 beginsat theend of an artificial day, Day "' Zero." Thisallows
easy calculation and appreciation of Times, becauseTask #1 will finish at theend
of Day Two (Day 0 t+ 2 Days). Refer to the Gantt Chart in Figure 6-2.

For Task #1: (Duration, 2 days)

EARLIEST FINISHINGTIME = (startingtime) + (itsDuration)
End of day zero + 2 days = End of Day #2

For TASK #2: (Duration, 7 days)
EARLIEST START OF TASK #2 = EARLIEST FINISH o TASK #1

= Day #2
EARLIEST FINISHINGTIME = Day #2 + 7 days = End of Day #9

Notethat Task #3 and #5 can both start when Task #2 isfinishedand therefore
both havethe sameEarliest Start Time, Day #9. Hence Task #3 hasan EFT of Day
#9 + 2 Days= Day #11, and Task #5 hasan EFT of Day #9 + 4 Days= Day #13.
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CALCULATING THE LATEST STARTING AND FINISHING TIMES

Recall that we abbreviate Latest FinishingTimeto LFT in thistext. Knowingthe
Project Finishing Day, we cal cul ate backward from the END milestonet o sequen-
tially calculatethe Latest Finishing Timesfor each task. The LFT of any task isthe
LST of itsfollower task(s). Thiscalculationisoften called " The Backward Pass."

LATEST STARTINGTIME = (Latest Finishing Time) — (ItsDuration)
LST for Task #6 = End of Day 19 - 2 days
= End of Day 17

Ensure that these concepts are clear by studying the Gantt Chart in Figure
6-3, becausewe shall apply these samerulesto calculationson the Bubble (AON)
diagram. The technique used with the Arrow diagramisvery similar.

THE RULES FOR TIME CALCULATIONS ON BUBBLE DIAGRAMS
The 'Forward” Calculation for Earliest Start Times (EST)

Follow thisdiscussionon theexampleAON diagramsof Figures64 and 6-5. For
any task (for example, we will call it Task “i”), its Start Time and its Duration
determineswhen it finishes:

Earliest Finishing Time = (EarliestStarting Time) + (Duration)
EPTi = EST, + DUROf i

and the next following task beginsas soon asits predecessor is finished:
Earliest Starting Time of aTask = Earliest Finishing Timedf its preceding Task

Figure 6-4  Earliest Finishing Time of a Task.
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Flgure 8-5  Earliest Starting Time fbr a 'Fask Following Several Other Tasks.

that is,
EST; = EFT;

But, when more than one task precedes, select the task with the latest EFT.
These rules can be visudized usng Bubbles and their corresponding Gantt
Chartsfor each case. Study the Gantt Chart in Figure 6-5.

“Latest Times" Calculatlon on an AON Diagram

The“Backward” Caculationisillustratedin Figure 66, For Task E, for example:
(LatestStarting Time) = (LatestFinishing Time) minus (itsDuration)

that is,
LSTg = LFTs - DURATION OF Task “B”
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THE EARLIEST LST
ON "BACKWARD PASS'

LST LFT
[ Femeee e
. L$T LI—_T'
¥ tilaleinisls il T

EARLIESTLST OFC, D, E,ANDF
DETERMINESTHE LFT OF B.

Figure 6-6 Latest Times from the Backward Pass.
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Figure6- 7 Earliest Times from the Forward Pass Calculation.

When severa tasks must follow a task in the network, you must consider all
their Late Starting Times before deciding which one governs the latest finishing
time of the task they all follow. When working backward through a network,
remember that time still goes forward through the network even though you are
working backward throughit. Noned the severa followingtaskscan begin until
the precedingone hasfinished; therefore, thetask having the earliest Late Starting
Time determinesthe Late Finishing Time of a predecessor.

Latest Finishing Time = Earliest of the Latest Stamng Times of the severa
tasksfollowingthetask. Therefore, LFTy = Earliestof theLST of C, D, E, or F. In
Figure6-6, Day 24 isthe Earliest LST of itsfollowers.

When you arecal culating directly on a Bubble Diagram, disciplineyour mind
to remember thepatternsof the bubble segmentsused in thecal culation. Continue
toask yoursdlf questionssuchas " Whichisthelast task tofinish (sol can selectits
EFT for the EST of this next task)?"

The bubblediagramfor the seven-task Roofingsub-projectisshownin Figure
6-7 with some of its Early times calculated. Check these times and fill in the
remaining EST's by completingthe calculation.

Similarly, severd of the LATEST timesfrom the "' Backward Pass" are shown
on the AON diagram (Figure6-8). You should check these and complete the
calculationas before. Notethat we begin at the END using the project's duration
(19days) derived from the "' Forward Pass" calculation.

Once you have becomefamiliar with the process, you shouldfind thefollow-
ing slogans useful during the calculationson an AON Diagram:

Forward Pass Calculation: "LATEST OF THE EARLY FINISHERS"
Backward Pass Calculation: ""EARLIEST OF THE LATE STARTERS"

FLOAT

We noted after presentingthefirst Gantt Chart (Figureé-2), that tasks#5 and #6
haveflexibleschedulingperiodsand weintroduced theterm " FLOAT." We noted
that Task #6 couldfinishaslateas Day 19, instead of itsregular earliestfinishtime
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Figure 6-8 Latest Times from the Backward Pass Calculation.

o Day17. Thistask issaid to havea FLOAT o twodays, whichwouldallowit to
be scheduled tofinishon any onecof Days17, 18, or 19. Thisschedulingflexibility
iscdled Total Float (TF), which is the difference betweenits EST and LST. Task
#5 also has2 daysd Total Float.

However, thereare specid circumstancesthat relateto Task #5. Just becauseit
hastwo daysdf Total Float doesnot alow it to be rescheduled without considering
thescheduling of Task #6. If Task #5 isalowed to start oneday late, it will end on
Day 14 and it will clash with Task #6, which was supposed to start on Day 13.

In order towarn usd potentia clasheslikethisone, we definea second type
of float that ismore regtrictivethan the onedescribed above: it iscalled Free Fl oat
(FF)and it is the amount of time available for rescheduling a task W THOUT
AFFECTINGTHE SCHEDULEOFANY OTHER TASKS In theabove network,
Task #6 could be delayed two days without affecting the schedule (FF=2). But if
Task #5 wereddayed (fromits EST), Task #6 would also haveto bedeayed; thus
Task #5 hasZERO FREE FLOAT. Both have TF=2. Thesetermsareillustrated on
the Bubble Diagram and Gantt Chart in Figure 6-9.

Notethat the F-isa special casedf TF. Theremay bealongstring of tasks
having thesame Total Float, but the last oneés Free Float will depend on the EST
o thetask followingit. The F=of al the precedingtasksin thestring of taskswill
be zero. A task's F- can never belarger than its TF.

THE CRITICAL PATH

Float isa measured theflexibility availablefor re-schedulinga task or a string of
tasksmaking up a path through the network. We havestudied the path havinga TF
o two daysbut we must now focuson the other pathwherethe T isZERO. If the
durationof any oned thosetasks(1, 2, 3, 4, and 7) wereincreased by oneday, the
durationof theproject would beextended by oneday. Therefore, thesefivetasksare
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Figure 6-9 floats on a Gantt Chart.

critica to the duration of the project and the "' path” through them is called the
Critical Path. It isthe path through the tasks having ZERO TOTAL ALOAT.

Thisconcept iscentral to an appreciationd scheduling, becausethe duration
o theprojectissengtiveto thedurationof eachcritical task. Thedurationof such
tasks should be scrutinized in the planning stage and monitored closdly during
constructionto protect theschedule. Oftencritical tasks(TF=0) can beaccelerated
to shortena project's duration.
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The critical path should aways be identified on a network diagram. On an
AON network, the links can be drawn as double lines, as shown in Figure 6-9.
Care must be taken not to ignoreother paths that have low vauesof float which
can becomecritical if afew daysare lost during construction. Tasks assessed as
having unreliable estimated durations requiremorestudy to reducetherisks. The
PERT system (seeChapter 11)is useful for identifyingthisrisk.

TIME CALCULATIONS ON ARROW NETWORKS

We havefound that the AON network and the AOA network for the sameset of
tasksarequite different, even though they describethe same project. With Arrow
networks, wefocusour attention on eventsrather than activities. Task Arrowsare
identified by theevent numbersat each end; the Project TIMESof thoseeventsare
theobjectivedf thecalculation, rather than theStart and Finish Timesaof thetasks.
In many waysthetime calculationsfor an Arrow network are much simpler, but
an AOA diagramalso hasitsidiosyncrasies.

TASK NUMBERS ON AON DIAGRAM
—

PROJECT DAYS
1 5, , :10: 15 19

T
4

LEGEND:
SOLIDLINES — EARLIEST TIMES
BROKEN LINES — LATEST TIMES

EVENT  aAQON
(i) TASKNOS
L

DURATION @
EVENT

Figure 6- 10  Arrow Network and Gantt Chart for the Roofing Subproject.
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The Arrow network for our ROOFING sub-project in Figure 6-10 evolves
from the precedence information in Figure 6-1. Itscorresponding Gantt Chart is
included for reference. For emphasis, we have marked the events on the Gantt
Chart, using the same "'numbering™ ason the AOA Diagram. We have used the
alphabet to name the eventsto lessen confusion with the numerical information
copiedfrom the AON network. The Start and End milestonesare treated as regu-
lar events.

EARLIEST TIME OF AN EVENT

When calculating times on an Arrow Diagram it is helpful to not think about
BubbleDiagrams. Y ou must concentrateon events, which oftendo not correspond

17l FOR THE ET
AGENERAL EXAMPLE: OF EVENT “T,”
\ 7 SELECT THE LATEST

Figure G111 The Early Time of an Event in an Arrow Network.
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tothe EST's and EFT’s of the tasks. Wewill show how to obtain these Start and
Finish Timesa littlelater.

The EARLIEST TIME of an event is readily determined by adding the dura-
tion of theinterveningtask to the Early Timeof the precedingevent. Figure6-11
showsthe method. When there are multipletask-arrows terminating at the event,
usethelatest (largest) EFT of the preceding tasks (ET & DUR).

LATEST TIME OF AN EVENT

After determiningthe EARLIEST TIME of the last event, whichisthe END Mile-
stonedf the project, makethe Backward Cal culationthrough the Arrow network.
The LATEST TIME of preceding eventsis smply the LATEST TIME of the cur-
rent event minus the duration of the preceding task. In Figure 6-12, the LT of
Event “E” isDay 19-2 = Day 17. When there are severd task-arrowsleavingthe
target event, selecttheearliest (smallest)LATESTART TIME: theL T of Task "B"
is determined from the earlier of the LST’s of tasks"C" or "D."

SELECTTHE 11-2)
EARLIESTLST OR
OF TASKS (15-4)
B-C AND B-D

SLACK, S=(LT—ET)

Figure 6-12 | ate Event Times for an AQA Network.
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SLACK TIME

The tasks of Bubble networks have FLOAT and the eventsof Arrow Diagrams
have SLACK. Thesetermsare not the same but weshall find away to relate them.

Slack issmply the differencebetweenthe LATEST TIME and the EARLIEST
TIME of an event. For example, the date of Easter Sunday occurs on the first
Sunday after thefirst full moon that follows the Spring Equinox. Sincethereisa
new moon every 29 or 30 days, Easter Sunday can occur only between March 22
and April 25; therefore, for any year, the TIME for Easter Sunday would have a
S ACK TIME of 35 days.

If atask arrow connectstwo events, each with zero dack, then that task is
critical; but if one of those events hassomedack, thetask hasfloat. If both events
have slack then the task’s float needscloser scrutiny.

InFigure6-13, only aportionof alarger network isshown; the ET's and LT’s
of both eventswere determined by other tasks of the complete network.

The earliest time the task can begin is on Day 6 and therefore its earliest
finishingtimeison Day 11 (6+ 5), whichisderived by adding the duration to the
ET. Thelatest that the task could end isDay 19 and thereforeits Total Float is 8
days (19-11).A moredirect cal culationis made by subtracting the Duration (D)
from the difference between the LT at the arrowhead from the ET at the start of .
the task:

Recdll that FREE FLOAT istheamount a task can bedelayed without affect-
ing the schedule of any subsequent task. For this example, the task could end as
late as Day 12, the ET o its terminating event, without delaying the start of a
subsequent task. SinceitsEarliest FinishingTimewas Day 11 (above), thetask has
a FREE FLOAT of 1 day. The formulafor making the calculation subtracts the
duration from the difference between the ET’s:

Notethat the LT of thefirst event (*'i")doesnot affect the valuesof thefloats;
that is, if Event “i” haszero dack, thetask is not critical unless Event "™ also has
zerodack. Inthat case, the task would becritical. Observealso that the difference
between Total and Free Float is the difference betweenthe LT and ET of the last
event ("'j"), whichisthedack of Event “j.” Thisshould be used for checking your
float calculations.

= (LT, - ET})

Thus, when indicating the Critical Path of tasks through an Arrow network
(Figure6-14) we must ensure that the tasks actually have zero float by ensuring
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6|9 12|19
3| 7

\ )
DURATION P
D,'j =5
EVENT SLACKS
ET; LT; ET; LT;

vV ¥V V

s -l = LFT

Figure 6-13 Task Floats and Event Slack.

that both events of atask arrow havezerodack. Inorder tomark an unbrokenline
through the project, it may be necessary to mark dummy tasks as part of the
critical path (CP)in tracing through all the events with zero dack.

RELATIONSHIPS BETWEEN AON AND AOA RESULTS

Both waysof drawing the networks producethe same schedulefor the tasksof a
project; the critical tasks are the same and the durations of the project are the
same. The AON produces the timesfor the taskswhile the AOA producestimes
for the eventsand the resultsfrom one type can be transformedinto the resultsof

theother. TheEarly Timeof anevent will bethesameastheEarliest Start Timefor
all of thetasksstarting at that event.
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TIME LINE
0 2 9 n 13 15 19
|
ON THE CRITICAL PATH
ET=LT ...Elo LTh_..

AND SLACK IS ZERO.

Figure 6-14 The Complete Arrow Network for the Roofing Subproject.

Thefloatsof atask (ij)are readily found by first evaluatingthe EFT of atask
(ET; + DUR;) and subtracting it from either the ET; for the Free Float, or the LT;
for the Total Foat.

For theexample project in Figure 6-14, the EFT of task BD is13 (9+ 4); the
FreeFloat iSETp = DURgp, (13- 13), whichiszero; the Total Float iSLTp — DURgp
(15-13), whichis2.

THE WAREHOUSE PROJECT: AON and AOA NETWORKS

The Precedence M atrix for the Warehouse construction wasdeveloped in Chapter
4 and the durationsfor its tasks were determined in Chapter 5 and above, in this
chapter, for the ROOF sub-project. Once the durationsare recorded on the ee-
mentsof the networks, thecal cul ationscan bequitequickly but carefully done. See
Figures6-15 and 6-16.

Manual calculationsare best done by selecting the numbersto be added (or
subtracted) based on a pattern rather than by trying to think throughtheconstruc-
tion processes. Figure 6-17 shows these useful patterns. But it is also a good
practiceto continualy remind yoursdf of the basic definitionsdf the termsthat
you are calculating.
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"FORWARD PASS' I "BACKWARD PASS'

THE LATESTTIME

THE EARLIESTTIME

OF 7S THE 3

LFTINHERE ----~" ’

ET THE LATESTOF
—+  THEETS THE EARLIEST

. - } _ , OFTHELTS

- — o — =

Figure 8-17 Patterns for Manual Time Calculations.

SUMMARY

We have presented a number of important new techniquesthat will require prac-
ticeto master. The concept of scheduledtimeperiodsfor atask withitsearly and
late start timesdefinedits Total and Free Float. The eventsand task-arrowsaf the
AOA network may have beenan abrupt departure from theapparent smplicity of
the BubbleDiagram. The AOA system has advantagesthat can outweighitsidio-
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syncrasiesin applicationslater inthisbook, for example, the PERT system, which
iscovered in Chapter 11.

EXERCISES AND PROBLEMS

1. For the ROOF SUB-PROJECT (Figure 6-1) insert the following revised
durationsfor its saventasksand recaculate al Timeson the Bubble Dia-
gram, including both typesof Floats.

2 Repeat Problem1 but usethe Arrow Diagram for the sub-project (Figure
6-10). Compare the Floats (TF and FF), obtained from the AON and
AOA cdlculations.

3. Draw the Gantt Chart for the revised sub-project, showing the earliest
and latest timeslotsfor each task, and indicatethe Total and Free Floats
for each task.

4. For the24-Task Modd o the Warehouse project, redraw the AON and
AOA Networks and insert the revised durations listed. Recalculate the
Timesand Floatsfor each and compare the Floatsfrom each calcul ation.

WAREHOUSE PROJECT REVISED DURATIONS FOR 24-TASK MODEL—
SPECIAL VALUES FOR PROBLEM 4 (CHAPTER 6)

| Task | Revised Duration - - Task | Revised Duration
1 3 13 5
2 6 14 6
3 1 15 4
4 6 16 10
5 15 17 7
6 16 18 7
7 15 . 19 28
8 20 20 8
9 15 21 9
10 13 22 4
11 6 23 12

12 5 ) 24 4






CHAPTER

LEARNING OBJECTIVES
After completingthis chapter, you should be able to:

Estimate, from wesather records, the probability of adverseworking condi-
tions occurring during a particular type of work.

Estimate the number of days a task's effective duration is expected to be
extended due to the chance of adverse conditions.

Calculatethe delay expected from a combination of severa adversework-
ing conditions occurring simultaneoudly.

Incorporate Series and Parallel Dummy tasks into AON and AOA net-
works.

PREPARATION FOR THIS CHAPTER

You will have developed your first draft schedule using the network, durations,
and methods covered in the previous severa chapters. You must be familiar
enough with the processesof every task to decidewhichwill besensitiveto exter-
nal conditions outside of your control: for example, *Will rain prevent or slow
down excavation?' or Do | expect that the temperature will betoo cold (ortoo
hot) to pour and cure concrete?"

Y ou must be comfortable with making tabular cal culations becausewe shall
assemble data and make cal cul ations using a spreadsheet format.
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INTRODUCTION

The scheduling procedurespresented in thisbook are based on theideaof starting
with a smple basic scheduleand developingit into arealisticone by adding real-
lifecomplexities, oneat atime.

We begin with afirst draft of a schedule; it iscomprised of only construction
tasksthat were chosen to describethe project. At firstSight, this may appear to be
aufficient to schedulea project, but in actuality it failsto consider many time-con-
suming effectsthat will extend the duration of the project. Such thingsastheacqui-
sitionof materias, labor problems, and uncooperativewesther can causeddays.

The effectsof itemssuch as these can be represented by artificial "tasks” to
account for the time they might consume in delaying actual construction tasks.
These dummy™* tasksand their estimateddurationswill beinserted into the basic
network to produce a more redlistic schedule. The dummies representing these
effectswill enlargetheinitial network and complicate the schedule.

SCHEDULING CONTINGENCY

Many constructioncontractorsincludeatimecushionat theend of thescheduleto
account for timedippageand other delaysthat creep into the project; itiscdled a
"*contingency™ dlowance. Thisisa redistic approachfor dealing with unforeseen
problems, but when weather conditions are expected to disrupt progress, it is
prudent to identify sengtive tasksand allow for them in the schedule.

Anticipatingspecific phenomenaalows you to preparealternate plansto off-
set their effects should they occur. To ignoreconditionsthat arelikely to occur is
foolhardy, becausesurprisescan lead to increased direct and overhead costs. For
example, interest at 7% on $1,000,000 for two weeksis$2,700. Added to thisis
theincreased cost of |abor that resultsfrom the attempt to make up for lost time.
Surprises cause confusionand reduce profit. Granted, preparing aternativeplans
costs extra money, but it should be evaluated as a trade-off against the chance of
the problem actually occurring. Mindful of contingencies, military planning re-
quiresthat a*'Plan B” aways be ready for deployment.

Thischapter dedls primarily with delayscaused by bad weather; suggestions
for dedling with other interruptionsare mentioned at the end of the chapter. A
separatechapter isdevoted to schedulingthe acquisitionof the resources required
for executingeach task: materials, equipment, labor, and so forth. Adding artifi-
cid delayscan helptoclarify scheduleswhen certain tasksdisplay excessivefloats.

USING DELAYS REDUCES EXCESS H.OAT

We can introduce the use of dummy tasksinto the network by dealing with the
casein which a task with alargefloat needsto be scheduled into a more specific
timedot. A useful schedule should be more specific so that the manager knows
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when a certaintask will bedonewithin narrower timelimitsthan cal culated from
theinitial network. Taskswith hugefloatscanlosetheirimportanceand betreated
lightly by sub-contractors.

Consider a task to build an accessroad; it has 62 days of float for 8 days of
work. The manager can schedule this task into a more attractive time slot by
addingapair of dummy "'tasks" into the network to reducethe calculatedfloat to
a practical vaue. This modified network produces revised times (and a smaller
float) for the job, thereby improving the working schedule. This action may seem
artificial, but it representsa manager's control over theschedule: tasksare "' sched-
uled™ into better timeperiods. Oncethemanager hasdealtwithit, hecan moveon.

For theroad project, let usassumethat the 8-day task can bescheduledto start
sometime between May 16 and August 25, which represents a total float of 62
working days. Figure 7-1 showsthison atimeline.

The manager prefersa more specificstart timein early July, when the siteis
not so busy and the weather should be more reliable. Thisfloat can be reduced
from 62 daysto (say)12 days by incorporating50 daysin two dummy tasks: one
beforethe constructiontask (thatschedulesitsEST to early July) and another after
it (toreducethefloat to 12 days). The manager added adummy of 35daystodelay
the EST toJuly 5 and a 15-day dummy beforethe next successor task to advance
the LFT to August 22.

Thefirst dummy task "lags" thestart by 35 daysand the second one "'leads™
theinitial Latest Finish Time by 15 days, to August 22; this refinement has been
caled "IncorporatingLAGSand LEADS"

MAY AUG
16 23
ﬂ ............ TOBUILD ACCESS ROAD
FEARLIEST §---------n=mecoesoto st 2ol o R0 . :
------------- (8-DAY TASK) {LATEST:
e 15DAY _|
| FLOAT !
" 12DAYS
JuLyY

6

Flgure 7-1  Time Line for Building a Road.
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WEATHER DELAYS

Predicting theweather istherealm of atmosphericscientists. Their work relieson
theoriesof movement of large massesof air. Mathematical models of the atmo-
sphere are programmed into huge computers and, when combined with actual
measured propertiesof theair, resultin weather forecastsfor the next few days.
Themassesof datacollected over severa yearsal so definethe averageweather for
every day, week, and month of theyear for most partsof theworld. Thishistory of
the weather definesthe climate.

Historical weather records provideaverage conditionsof precipitation, tem-
perature, and wind for any day of theyear. Specificforecastsprovidethechanceof
certain weather conditions occurring in the short term based on actua current
conditions: for example, " Thereisa 70 percent chanceof heavy rain tomorrow."
The weather isof such concernto so many different parts of the population that
television Weather Channels have significant commercial value. "' Good™ weather
isa boontothetravel industry and all typesof " bad" weather have specia signifi-
canceto contractors.

Constructioncompanieswith contractsto build oil refineriesin different parts
of the world rely on weather and climatic data when they plan their projects.
Building conditions in Saudi Arabia, Northern Canada, or near the Gulf of
Mexico haveradicaly differentclimatesand plansfor projectsmust betailored to
the uniquelocal conditionsfor their projected construction dates.

Bad Weather

""Bad weather" describesweather conditionsthat interfere with our planned ac-
tivities. Some activities can proceed but others cannot. Some are sowed down
while others are shut down. What is good weather for some is bad wesather for
others. Rain and cold can maketheworkplacedangerousfor sometasks; and even
when work can continue, the bad weather slows down workers physicaly and
psychologicallyand their productivityfdls. Government regul ationsprevent high
riggersfrom working in high winds. When the temperature is too high, without
protection concretecan dry beforeit sets, some metal parts cannot be assembled,
and paint will not dry properly. Extremesof weather cause problemsand either
thework isdelayed or specid protection must be provided: both cost money and
many consumetime.

WEATHER STATISTICS

Thetablein Figure 7-2 liststhe historical (40-year)averagenumber of daysof rain
for each month of theyear for aWest Coast city. The number of bad daysper month
are converted to probability (percent) by dividing by the number of days in the
month. The probability of GOOD days is the difference between 100% and the
probability of BAD days. January had 18 rainy daysout of a monthly total of 31
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AVERAGE MONTHLY RAINY DAYS
(Typical for the Pacific Northwest Region)

PROBABILITY PROBABILITY OF
NUMBER OF OF BAD DAYS GOOD DAYS
MONTH BAD DAYS (Percent) (Decimal Fraction)
January 18 58% 042
February 16 57% 043
March 16 52% 048
April 13 42% 058
May 10 33% 067
June 11 37% 0.63
July 5 16% 0.64
August 7 23% 0.77
September 8 27% 0.73
October 13 42% 0.58
November 17 57% 043
December 19 61% 0.39
AVERAGE 153 42% 058
PROBABILITY OF'BAD" DAYS
“P" %
NOV JAN MAR MAY JuLY SEPT NOV JAN

Figure 7-2  Probability of Measurable Rain.
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days. When18 isdivided by 31, theresult showsthat therewasa 58 percent chance
of rain, which trandatesinto a 42 percent chanceof good weather (100% = 58%).

Thus, on any day inJanuary therewill be a better than 50-50 chanced rain,
makingJanuary not agood monthto dig an excavationor deck a roof. Not until
April could you expect to have more ™ good" daysthan "bad" ones. Even though
there is no guaranteethat the weather next January will follow this statistical
pattern, you can reasonably expect that your work will be affected by rain more
than hdf thetime.

These statistics relate to measurablerain, which includeslight drizzle, occa-
siona showers, and downpours. Basad on the sengitivity of a particular task, you
will need to make subjectivedecisonsfor alowing higher probabilitiesfor good
weather from the above data. When scheduling work in January, you must take
into consideration that outside painting cannot be donein any sort of rain (42%
Good Days), whereas pouring concretefoundationscan be donein even moderate
rain (say, 70% Good Days). Finefinishing of concrete slabs may be dlowed in
only alight drizzle (say, 55% Good Days).

Estimating theeffect of weather onatask isnot an exact science, but you need
toalow for expected bad westher to producea more redlistic schedulewith fewer
surprises. The average weather quoted for a particular month (say, January)
meansthat for every January when theweather is better than normal, therewill be
another January when the weather will be worse.

ESTIMATING A WEATHER DELAY

Theprobability of bad weather ina month does not differentiatebetween holidays
and working days, the58% for January appliesto any day inJanuary. During the
whole month of January (31 days), on average there should be 18 days of rain.
There are 17 working days in January (accountingfor holidays and weekends),
and we should expect (onaverage) to have 10 rainy days (58% of 17) and 7 days
without rain to do our work (42% of 17 or 17 = 10).

These average conditions do not guarantee that there will be only 7 days
available for work on sengtive tasks. "Average” means a 50% probability of
having 7 days, there could be more or fewer, but the averageis 7. Actud records
show that there has never (yet) been a January when there were fewer than 3, or
morethan 29, rainy days, the averageis 18 days (58%).

BUILDING THE ROOF IN JANUARY —AN INTRODUCTORY EXAMPLE

Beforeconsidering al the weeather effects, let us seethe effect of only one. For the
""Roofing" sub-project, the superintendent has reported that the Decking requires
5 non-raining days for safety. Let us assume that it was scheduled to begin on
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paes PO AM A EAARMAATY N

HOLIDAYS
'NO RAIN'

SCHEDULE €1 =]

WEATHER

WINDOW WwWwI —[WWWWW ] [WWWW]

Flgure 7-3 Roofing Schedule-Good and Bad Weather.

Wednesday, January 6, at 8:00 AM. Thetime-linein Figure 7-3 showsthe dates,
holidays (X), and the working schedule (*) for the 5-day Decking task.

THE WEATHER WINDOW

The objectivedf thefirst calculationfindswhat we call the **Weather Window™
(symbol "W-W"), which is the total number of GOOD plus BAD days needed to
accomplish atask. We want to estimate how many GOOD dayswe can expect in
the period of averageJanuary weether. Historical recordssuggest that it will rain
for 58% of the period in January when we wish to this job; therefore, 42% of the
period will be" GOOD" daysavailablefor Decking. And, snceweneed 5 GOOD
days: 042 x (W-W) = 5Good Days.

Recdling a bit of agebra, the duration of this Weather Window (W-W) s
calculated by dividing the required number of Good Days (duration of the task),
by the probability of GOOD westher.

(W-W)=5+0.42 =12 daysd averageJanuary weather
Checking the calculation to make sure:

Timefor working on thetask: 12 x 0.42 = 5days
and

Timefor rain: 12x 0.58 = 7 days

Theduration of theWeather Window isshown (WWWWW) on thelast line of
the bar chart. Thus, weshould alow for 12 working daysin order to completethe
Decking task on theroof; it could start asearly as 8:00 AM. Wednesday, January 6,
and should becompleted by theend o January 21. Wedo not know which daysmay
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be rained out, but we expect, on average, that we will not complete the task until
January 21, with 7 daysdf rain scattered throughout that period.

INCLUDE ALL WEATHER-SENSITIVETASKS

We should includeall wesather-sensitivetasksin theanalysisso that wecan evalu-
atetheoverall effect for thetotal project. This may seem pessimisticand artificial,
but recall that according to the 40-year weather records, the weather was worse
for 20 of the Januarys and better for the other 20. The January of our schedule
could have better or worse weather than the averagequoted here.

The uncertainty about the duration of lost workingtime should not cause con-
cernwhenalong project is being planned. Some monthswill begood for work and
otherswill not. Thelost timecaused by extradel aysduringoneespecially bad month
could be gained back by taskscarried out during another especially good month.
However, the duration of a short project will be moreat the mercy of the weather
becausetherewill befewer opportunitiesfor compensating savingsof time.

COMBINED CONDITIONS

The previousexampleconsidered one task with one weather constraint. How can
we deal with severd conditionsthat affect a task?

Wind would a so interferewith the decking activity and determiningitseffect
isstraightforward. If thereisa15% probability of excessvewind during January,
then we apply this factor to the actual dayswhen work would be progressingon
the deck. Weare not concerned if thewind blowson rainy days when thereisno
work, just on the dayswhen the crew ison the roof. We have assumed that these
two weather conditions are unrelated, which may beonly partly true.

Thus a Weather Window for wind is $ + 0.85 = 6 days, which means that
there would be a one-day delay dueto wind. Whenwecombinesevera effects, we
must be careful to accumulateonly the delays incurred and not the Weather Win-
dows whichincludework daysand "BAD" days.

For combined rain and wind, the total delay is (7+ 1) = 8 days.

The Weather Window resultingfrom both effectsisthe Duration of the Task
plus the Total Weather Delay from dl effects.

W—W=DUR+DR+Dw+ .....
Thus
TOTAL WEATHER WINDOW = § + (7+ 1) = 13days

MECHANIZED CALCULATIONS (Tabulated on a Spreadsheet)

The possibility of confusing a Weather Window with a Delay will decrease with
familiarity with the concept. In order to reduce thinking to a minimum, it is
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valuable to mechanize these calculationsand calculatethe DELAY Sdirectly. We
will use the following symbolsfor conciseness:

Where "W-W'" meansWeather Window
“DUR?” isthe Duration of the Task

istheprobabilityof BAD conditions; therecan beany number
o conditionsaffectinga task.

and “D” istheDday.

A formula for calculating the total weather delay appears bdow. "F* isan
intermediate result, useful for the caculations. Only three weather conditions
appear in theformula; additional conditionswould just extend the formula.

F = [{p/(1 = p)lran + {(P/(1 = P)}winp + (P/A1 = P)}other)
and theTotal Delay, "D" = Fx DUR
and the Total Weather Window, “W-W~ = DUR + D

Repetitivecal culationssuch asthesearelessproneto errorsand areeasier to check
if the data and the calculationsare recorded on a worksheet, such as Figures 7-4
and 7-7A.

INCORPORATING WEATHER EFFECTS INTO THE NETWORKS
The SERIES Case

Inthesmplest case, thedummy task for aDELAY isinsertedinto a network after
itsrelated constructiontask; that is, it is placed in SERIESwith it. It actslikean
extension o thetask, keepingthe EST unchanged but allowing moretimefor it to
get finished. It ismideadingto placeit beforethe task, becausethat would imply
that the task cannot start until the weather delay occurs. The task should be
scheduledto start onitsoriginal EST but may require more daysto becompleted.
Thedelay actualy addsin afew daysof float to a weather-sendtivetask and it is
more conventional to placethe delay after itstask.

WARNING: Never change the duration of the construction task to include
the dday. That would alter the allocation of resources to the task. Delays
consume no construction resources and must be incorporated as separate
dummy “tasks." A 5-day task that consumes $1,000 in materials still con-
sumes $1,000 in materialseven when 12 daysare assigned for itscompletion
becauseof bad westher.

Any constructiontasksoriginalyfollowingthewesther-sensitivetask must be
linked to the end of the delay, not to thetask. Beforeand After casesfor Bubble
(AON) Diagramsare illustrated in Figure 7-5.



SPREADSHEET FOR TABULAR CALCULATIONS OF WEATHER DELAYS

! ' ' ! ' DECIMAL FRACTIONS ' !

COLUMNS (1), (@), (3), & (@) ARE BASIC DATA
COLUMN (®) IS (8) = {0.5x (3} + (4) CONVERTEDTO CALENDAR DATE

COLUMNS @, @. , & @ ARE YOUR INTERPRETATION OF WEATHER FORECASTS AND THE
SENSITIVITY OF THE TASKS TO THEM.

COLUMN®={+£@+++—etc.}

COLUMN G =(® x G0
COLUMN (3 =(® + @)

Figure 7-4  Columns Needed for Tabular Calculations.
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' Task #31S
WEATHER-SENSITIVE
"AFTER"
' BEFORE | vt |
L ¥ ]
AFTER .
r D |

#4

Fligure 7-5  Placing Weather Delays into AON Networks: the SERIES Case.

The PARALLEL Case

When a string of linked tasks are al westher-sengitive, their total delay can be
combinedintoone DELAY at theend of thegroupasthoughthegroupwereasub-
project. This Sngle delay is preferable to incorporating an individual delay for
each oned thesengtivetasks. However, thereisan alternativemethod (and often
a better one) that brackets the group with a sngle Weather Window (rather than
a delay) placed parallel to the group of senstive tasks. Figure 76 shows the
method, which emphasizes the total effect of the delay by showing the Weather
Window in which the tasks must be completed.

Thisis cdled the PARALLEL METHOD because it introduces a new path
pardlel to the sengtivetasks. The Weather Window has a duration equal to the
sumof thedurationsof thetasksit straddlesplusthecombined delaysof thetasks.
On BubbleDiagrams, the Weather Window*'task™ islinked to thetaskspreceding
and followingthestring, not to theend tasksinthestring. If theoriginal taskswere
on thecritical path, the CP now passes through the Weather Window becauseits
duration isgreater than through the string of tasksit paraléls.
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(5+8=13)
THE WEATHER WINDOW
| EARLEST | #3 [ LATES

| WEATHER WINDOW (13DAYS |

Figure 7-6  Hadng Weather Windowsinto AON Networks: the PARALLH. Case.

Thismethod drawsattention to thefact that the Weather Window contributes
to the duration of the project. For a SERIESweather delay, it is not always clear
which tasks contribute to the weather delay.

APPLYING THE METHOD TO THE ROOFING SUB-CONTRACT

After studying the seven tasks of this small project, it was decided that the
Trusses(1), Overhang(5), and Flashing(7) weresensitiveto wind; V apor Barrier(3)
and Cladding(4) were sengitiveto rain; Vapor Barrier(3), Cladding(4), and Flash-
ing(7) weresendtiveto low temperatures. The Decking(2) and Soffits(6) were not
senditiveto any of theseweather conditions.

The probabilitiesfor these weather conditionste occur during the construc-
tion tasksinJanuary were determined and entered into the spreadsheet (Figure7-
7A). Thesecal culationsmay bedone manually usngthe format of Figure 7-4, but
the resultsfor this example, shown in Figure 7-7A, were calculated " automati-
caly" using a popular computer spreadsheet program.

The modified Bubble Diagram isshownin Figure 7-7B. A delay isadded after
tasks #1 and #5 and a single Weather Window brackets tasks #3, #4, and #7. If
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COMPUTER SPREADSHEET FOR TABULAR CALCULATIONS OF WEATHER DELAYS

a | b c d e tlg|n|i i k |
TASK IDENTIFICATION INITIAL | MID DATE | PROBABILITYOF | TOTAL | TOTAL | WEATHER
NO | NAME DURN | EST | OFTASK | BADCONDITIONS | FACTOR | DELAY [ WINDOW

1 | TRUSSES 2 0 1 o |15 0 0 0 2

2 | DECKING 7 2 55 15 0 1 8

3 | VAPBARR 2 9 10 58 | .15 2 4 6

4 | CLADDING 2 11 12 58 2 3 5

5 | OVERHANG | 4 9 11 15 0 1 5

6 | SOFFITS 4 13 15 0 0 4

7 | FLASHING 6 13 16 15 0 3 9

Note: The computer uses the fractionalvalues calculated for
‘" =11(1-f) + g/(1-g) + h/(1-h) + i/(1-i);
“"=(cx))
Weather Window, “” = (c tK)

Where Total Factor,
Total Delay,

“n

i

Figure 7-7A  Calculation for the Roofing Subproject.
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TOTAL DELAY = 10
+ TOTAL DURATION= 10

(+ DELAY)

Figure 7-7B  \Weather Effects on the Roofing Sub-project.

task #2 had a wesather delay, it would have to be incorporated as an individual
delay; it could not become part of the Weather Window because task #5 isalso
dependent on the duration of task #2.

Notethat the Critical Path passesthrough the Weather Window, which draws
attentiontothetasksit brackets. You might prefer toplaceasingledelay of 9 days
after task #7 instead of using the Weather Window, but the emphasis will be
weaker if you do.

MODIFICATIONS TO ARROW (AOA) NETWORK DIAGRAMS

Incorporating Delays or Windowsinto an AOA network isa little different than
the methodsdescribedabove. A dummy DELAY arrow isdrawn after thesensitive
task, requiring one new event. When a Weather Window encloses a string of
severd tasks, its dummy arrow connects the events bordering the string. f you
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want to placea Weather Window dummy paralel toasingletask you will needto
add another event to prevent the new dummy task from having the same event
identity as its related construction task. Recdl that only one arrow can connect
two events.

Modificationsto the AOA network for the Roofing sub-projectare shown in
Figure 7-8. Note the additional events required and compare the Delay Method
(inseries) with the Weather Window (in parallel). The Weather Window for the
string of tasks #3, #4, & #7 isincluded for comparison with the modified AON
network case (see Figure 7-9). No extra event is needed because the weather
window arrow straddles more than one task arrow.

OTHER KINDS OF DELAYS

A scheduleis a statement of a plan for organizing clearly defined construction
tasksand statistically expected phenomenalike the weather. Minor unpredictable
effectscan be allowed for with a contingency factor. Therecan beanother classof

effects that will delay a project: forest closures due to a summer fire hazard,

religious observancesthat affect construction sitesin different partsof theworld,

strikes resulting from breakdowns in bargaining, and wild-cat strikes. Some of

these can be anticipated and others cannot.

LEGEND

Figure 7-9 Using a Weather Window on AQA Network of the Roofing Sub-project.
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In most cases, the duration of such happeningscannot be estimated but their
timing may be known. For example, if a union contract isdueto expireon August
15 and the mood is negative for its resolution, tasks that are scheduled into the
period following August 15 need to be re-planned. In fact, a broad review of the
entireproject isrequired with studiesmade of variousalternatives. Somerisksare
predictable. It isknown, for instance, that theforest fire season is weather depen-
dent and that the local humidity governsforest closures. Therefore, certain con-
struction tasks may be rescheduled early to minimize risk when threatening
conditions become apparent.

A complete shut down of a project for an indeterminate period effectively
dividesthe project into two smaller ones. The network would simply show this
with a milestone at the point where all the tasks in the first haf of the project
would terminate. All tasks in the second haf would begin at this new "START"
milestone. New tasks would be incorporated on both sides of this milestone, re-
flecting the activitiesof shutdown and startup. Good plans cannot include allow-
ancesfor every possiblesurprise; good planning systems must be able to adapt to
changes, largeand small.

SUMMARY

We have determined average delays expected for tasks known to be sensitiveto
unfavorable weather conditions. We redlized that actual conditions could vary
widely from the average values used in the analysis but that actual conditions
might be self-compensatingduring construction. We learned of two methods for
inserting dummy " weather* tasksinto AON and AOA networksand saw how the
critical path is affected by these non-construction tasks that consume time. We
were careful to keep separate the durations of the weather delay and its related
construction task to keep the costs of each quite independent.

EXERCISES AND PROBLEMS

1. Usingthe historical weather data on page 107, determinethe probability
of measurablerain in mid September. If 20% of thisrain were just alight
drizzle (and 80% heavy rain) and one of your tasks could not tolerate
heavy rain, find the probability of losing a working day at this time of
year.

2. You have a contract to repair a portion of the Golden Gate suspension
bridge and you estimate that it will take 8 days to do it. The work is
exposed to wind and rain and thelocation isdangerous. Y ou must do the
work in October, when there isa 30% chance of rain and a 60% chance
of wind at this location.
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a Find thedeay caused by thewind only.
b. How many days should you set asidefor this job due to both condi-
tions?(H nt :Find the weather window.)

3 The AON and AOA networksfor the 24-task modd of the Warehouse
can befound in Chapter 6 in Figures6-15 and 6-16. Incorporatewesther
ddaysif the project is planned to start on August 1st. Do it for both
networksfor thefollowing casesof rain-sensitivetasks.

a Tasks2,3,and4
b Tasks19,20 and 23
c Tasks10and 13



CHAPTER

LEARNING OBJECTIVES
After completingthischapter, you should be able to:

Preparea resource/task list.
Tabulatealist of al resources needed for a task.

s Edtimatethe durationfor each procurement step.

m Calculatethe total procurement duration for a task and find the Project
Day (or Date)for initiating the ordering.

= Decide which procurement activities should be incorporated into the net-
work, and then be ableto incorporatethe appropriateactivities.
Sat up a ™ Tickler Sheet™ for monitoring procurement.

PREPARATION FOR THIS CHAPTER

Y ou will have prepared draft schedulesfor your project and will have evaluated
the refinementscovered in the previouschapters. Y ou should beableto namethe
principal resourcesneededfor every task of aproject, and you may know whocan
provide the required information. For example, designers and contractors can
provide detailsdf the construction processes and the equi pment needed for those
pprocesses.

Y ou should be comfortable with arranging data on a spreadsheet and you



122 CHAPTER 8 — SCHEDULING RESOURCE PROCUREMENT

should beincreasingly curious and impatient to start usingcomputer software for
much of thiskind of analysis. Computer methodsare referenced wherethey apply,
but you should work through this chapter usinga pencil and paper to ensure that
you understand the detailsaof the analysis before applying a computer to the task.

INTRODUCTION

The eventual successof a project dependsdirectly upon each task being executed
on schedule. All the resourcesfor each task should beon-site by thetask's Earliest
Start Time; they must bethere by itsLatest Start Time. If any resourceisdelivered
after thetask's LST, timeislost and the project's finishing date dlips. Taskson the
Critical Path must start when scheduled because they have no float to absorb lost
timefrom late deliveries.

To ensurethat al resources are accounted for, we must identify all of them:
the construction material's, the equipment needed for assembling them, the work-
ers (skilledand unskilled, managers, etc.), the equipment to beinstalled (wiring,
piping, machinery, etc.)—a very largelist indeed.

PROCUREMENT

The whole process of ensuring that the correct resources will be on-siteand on-
timefor each task is called procurement. It beginswith the contractor identifying
each resource, writing its specification, selectinga supplier, and ordering it. The
supplier may have to prepare working drawings, make a prototype and have it
inspected, manufacture the complete order, and then have it delivered. Severd
differentgroupsareinvolvedand the project manager haslittledirect control over
many of theseactivitiesof procurement.

The contractor dependson othersfor timely deliveries, but he does not ignore
the procurement process after orders have been placed. The project manager des-
ignatessomeoneto make continual contacts with all the suppliers. This personis
called an expediter and his or her job isto monitor the suppliers at important
milestonesduring the procurement process. Typically, the dutiesof the expediter
consist of inquiring whether a supply contract has been issued, the supplier hasa
prototype model ready for inspection, the work is complete, and the order has
been shipped. Finaly, the expediter informsthe manager when items havearrived
on-site.

Theseand other milestonesidentify theeventsaf asmall sub-project relatedto
procuring a resource. Thus, every resource hasits own unique schedule based on
thissimplenetwork. Theseeventsaof procurement (andtheir related activities)are
common to amost every resource. The basic procurement network is shown in
Figure 8-1
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L, PROCEED

CONTRACTOR SUPPLIER TRUCKER ETC. CONTRACTOR
PREPARES PREPARES TRANSPORTS PREPARES THE HO
DOCUMENTATION | | THEORDER | THE RESOURCE RESOURCE
\ MILESTONES /
OF
'ers:_(s PROCUREMENT
PROCUREMENT

Figure 8-1 A Generalized Procurement Sub-project.

THE TICKLER SHEET

As planner, you would prepare one schedule for each resource needed for the
project. When all these small schedules are arranged together, the collection is
calleda " Tickler Sheet." Because the scheduled timefor each milestonetriggersa
phone cdl to a supplier, it acts as a tickle to the expediter's and supplier's
memory —hence the name.

Becausetherewill likely bevery many resources, setting up the Tickler Sheetis .
aformidabletask without a ™ system’ availableto provideguidance. This chapter
proposes a way to go about doing thislarge job. It leans heavily on the need for
computerized ways of handling the immense amount of data, for the volume of
information can truly be enormous.

The expediter measuresa supplier's successin achievingeach milestonein the
Tickler Sheet and continually reminds, cgjoles, or threatens the supplier to keepto
the schedule. When actual delivery problems are suspected, the manager may
receivesufficient warningto preparealternate plansthat minimizetheeffectof late
deliverieson the project's schedule.

EFFECTS ON THE CONSTRUCTION SCHEDULE

Monitoring the procurement processisa large and active job. But there isanother
effect caused by the procurement processthat can alter the construction schedule:
awkward procurement times can prevent a construction task from beginning
when scheduled. For example, if the concreteformsareto be placedin positionon
Project Day 12 but the special formsthat are needed take 18 daysto get, how do
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weaccount for thisin theconstructionschedule?As well asneedinga ' sysem™ for
setting up a Tickler Sheet, we now need another for updating the schedule to
account for awkward procurement durations. Wewill find that both thesesystems
interact with one another.

Before we can consider the updating of the schedule, we need a list of all the
resourcesfor the project.

TYPES OF RESOURCES

Listing resourcesissmplified by classfyingthem by type. Thereare commodities
that are commonly availablethat can be ordered " off theshelf" and thereare key
materialsthat requirespecid order. Thereisequipment for installationand there
issupport equipment to assist in theconstructionprocess. And most central to any
project isthe human expertisewhich is provided by the crewsof workers: skilled
journeymen and laborers, supervisors, administrators, record-keepers, consult-
ants, inspectors, and so forth.

A methodical system minimizesthe chancefor errorsand omissions. By com-
pleting atask list for onetask at a time, you can tabulateall itsresourcesat once.
For checkingafterward, you could follow the* shotgun™ approach, by askingsuch
questions as ""Which tasks need gravel?' The table headingsin Figure 82 help
youfocusyour attention on onetask at atime. Thefigureliststhemajor resources
needed for erecting the roof structure (Super-Task #10) of the 24-task mode for
our project.

This table forces you to deal with one task at a time. Columns #1 and #2
number and name a super-task, while Column #3 lists its smpler component
tasks. If thetasksin Column#3 requiredafurther breakdownto reach till smpler
tasks, then another column could beadded to thetable. Columns#4 to #9 catego-
rizethefivetypesof resourcesused here; other projects might have different types.

CONSTRUCTION MATERIALS I
TASK AREA | suB-TASK . COMMODITIES EQUIPMENT EXPERTISE
# NAME NAME OFF-THE-SHELF | KEY | INSTALLED | SUPPORT | CREW | SUPRVSR
Mm@ (3) @) (5) (6) @) Gl ©)
10 | Erect Roof | Trusses Pads Trusses 1-TCrane | Elec4

Structure | Decking Metal Decking 1-TCrane | Fram2
Vap Barr | Kraft Glue 1-TCrane | Carps?2
Cladding | Asph Roll Sealant 1-T Crane | Carps2
Overhang | Framing Fram 2
Soffits Alum. Soffit Nalls Carps 2
Flashing | Galvan. Sheet Gunk Sht Mti 2

Fligure 82 Tabulated Resources for a Task.
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In later tabulations we shall abbreviate these names and categoriesin order to
condense the data on a spreadshest.

Thelist of adozen or so resourcesin Figure8-2 coversonly oneof thetwenty-
four tasksof the project. If all the taskswereincluded, the list would becometoo
large and unwieldy for the purposes of this book. For our example, we will use
only eleven of the above sat: six off-the-shelf items, three key materials, and two
key pieces of equipment.

PROCUREMENT DURATIONS

The completed resourcelist isthe bassfor a second table used for estimating the
procurement dates for each resource. For example, if a supplier takes 20 daysto
prepare and ship our order, then it should be ordered at least 20 working days
beforeit is needed on the site. A procurement duration must be estimated sepa-
rately because it depends on your experience with the supplier, the type of re-
source, and the shipping distance. However, similar types of resources are
procured in thesameway and it is helpful to estimatetheir procurement durations
together. Wecould sort the resources by type and group each type together.

Commoditieslike lumber, gravel, nails, and so forth are obtained on an as-
needed basis once a supply contract has been arranged with a supplier. Most
commoditiesare "'just a phone call away" and can be obtained with a couple of
days notice. Ordering Key Materialsand Equipment and setting up initial supply
contracts for commodities usually require more time. Obvioudly, if a rare elec-
tronic positioning instrument is needed on thefirst day of a project, finding one
and getting it to the site has the highest priority. " Surveying the Site* may have
been thefirst task o the basic construction network but " Getting the Instrument™
will effectively become the first task, because Task #1 cannot begin until its re-
sourcesare available.

EVENTS AND MILESTONES IN THE PROCUREMENT PROCESS

The procurement of a resourceisa mini-project(see-Figure 8-1). It haseventsand
the activitiesrequired to reach them. For the supplier, the eventsare milestonesto
be achieved; for the construction manager, they are target dates to be monitored.
Figure 8-3 listsfour general milestonesand a dozen specific eventsthat might be
encountered in practice, depending on the nature of a particular resource.

Many resourcesfollow thisstring of eventsto reach the project. The progress
of specialy designed components might need monitoring through every one of
theseevents; delivery of commoditiessuch ascommon lumber require only afew.
Tofind dates, weshall need to name procurement activities, estimate their dura-
tions, and calculatethe Times of the eventsin the small network.

For themajority of resources, only three or four contacts may besufficientfor
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EVENTS OF PREPARATION

Specification and Quantity documented

Purchasing Department alerted to begin procurement
List of pre-approved suppliers prepared

Bidding documents prepared

Bids invited (advertised)

Bids received and Contractawarded

EVENTS OF DEVELOPMENT
7  Supplier presents a prototype for evaluation
8 Prototype evaluated and approved
9  Supplier completes manufacture of all items

EVENTS OF DELIVERY
10  Supplier ships all items
11  Allitemsdeliveredintact to the site

EVENTS ON THE SITE
12  Storage periodbegins
13 Installation of components begins

oOUhhWNPE

Flgure 8-3  List of Typical Procurement Events.

monitoring a supplier's progress. We will use the following four milestonesthat
apply to al procurements.

Four Universal Milestones

1. Procurement Documentation Completed (by contractor)
2. ResourcesPrepared (by supplier)

3. Order Ddlivered (by supplier's agent)

4. Construction Started (by us)

Activities of Procurement
T o reach these four milestones requiresfour activities:

1 PREPARATION (by your company)

2 DEVELOPMENTand MANUFACTURE (by supplier)
3. DELIVERY (bysupplier's agent)

4. LEEWAY (estimated by the manager)

Thedurationsfor theseactivitiesare estimated on the basisof your experience
and information from the supplier. The LEEWAY is your private contingency
cushion covering the whole process. The reputation of the supplier and your pur-
chasing department, the manufacturing complexity of the item ordered, delivery
distances, and soforth all contribute to the Leeway contingency.
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I T
| TIMES FOR RESOURCE PROCUREMENT I
DATA FOR
RESOURCE |PREPARATION| DEVEUMANUF | DELIVERY | LEEwWAY | CONSTRUCTION TASK
EST NAME
NAME |TYPE| DATE DUR| DATE DUR| DATE DUR| DATE DUR| DATE TF OFTASK NO.
o — ) 2 3) 4| (5 6) 7 (8) 9) (10) any  (12) (13) (14) ,

Condult| K |94:07:06 8 |94:07:18 9 ‘94:07:29 6 |94:oa:oe 4 |94:oa:12 2 Install  #94
Conduit

Figure 8-4  Tabular Layout of a Tickler Sheet.

Calculating the Event Times

Calculating the date for starting the procurement processisstraightforward. The
EST of the Construction Task and thetotal procurement duration determinesthe
dateto start the procurement process. For example, if special conduit isscheduled
to beinstalled starting at 08:00 hrson Monday, August 15 (= Friday, the 12th at
5:00 PM) and you estimate its procurement will take 27 working days, then you
should order the conduit after 5:00 PM. on July 6. Be sure that you count only
working days, because suppliers usualy observe both weekendsand holidays.

Thesecalculations are best made on a spreadsheet, whether it isfilled out by
hand on paper or typed into acomputer. Figure 8—4 shows the basic concepts.

In the example in Figure 8-4, the total duration of the procurement process
for some conduit is (8+ 9 + 6 + 4) = 27 working days. Note that the metric
convention is used herefor writing dates. YY/MM/DD, but theyear (YY)could be
omitted for conciseness. You can use any date-writing system, but it should be
defined on your worksheets.

The durations derive from your company's experience (PREPARATIONand
LEEWAY )and commitments by the supplier (DEVEUMANUFand DELIVERY).
Thedates are determined from a calendar of working days; 27 days before August
15at 08:00 hrs(“94:08:12”) isduly 6 (“94:07:06™).

COUNT TIME IN "PROJECT DAYS"

Calculations using calendar dates can be awkward when the anaysis is done
manually. Computer programs " can betold™ all the non-working daysin theyear
and can make these calculations effortlessly. However, manual calculations are
best done using Project Days instead of calendar days. for example, Project Day
#145 is the 145th working day since the project began. In the above conduit
example, if the construction task was scheduled to begin on Project Day #1435,
then the conduit must be ordered on Project Day #118 (145 - 27). Recall that
event times mark 5:00 PM. on the quoted day, therefore the first construction
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AUG 12

JULY 7 JULY 18 JULY 29

v

|
#118

XX o o XXXXX -« XXXXX - o« XXXXX- - XXXXX. . XXXXX..0000000 - - 000
1 1

PREPARATION : S | I o CONSTRUCTION
8 | 9 3 | i 6 = ' —

1
#126 #135 . #141 #1145 ..... PROJECT DAYS
27 WORKING DAYS

Figure 8-5  Project Days and Calendar Days.

activity actually beginsat 8:00 AM. on Project Day #146. Study Figures8-4 and
8-5, noting that construction begins on August 15 with the first of a series of
“300o0xxxx’s.”

Generdly, it issimpler to use Project Days rather than Calendar Dateson a
tickler sheet because unforeseen holidays, strikes, or other shut-downs do not
necessarily require changing the ""dates." "' Project Days" are working days from
the start of the project and these do not change when a few more non-working
days intervene. Aware of this reminder about time, we can proceed to construct
the Resource Ordering Spreadsheet for a portion of the warehouse project.

THE 24-TASK WAREHOUSE PROJECT —PROCUREMENT

For this example, we will schedule the procurement of nine resourcesfor the
Roofing Task (#10), a surveyinginstrument for the ' Site Survey™ (Task #1), and
an order of pilesfor "Drive Piles' (Task #6). Our objective is to identify those
resourcesthat impact on the basic scheduleto update start timesof all 24 construc-
tion tasks. Wewill modify the basic scheduledevel opedin Chapter 6 and recorded
on the AON Network of Figure6-15.

We can assemble the relevant data on an extended form of Figure 8—4, The
Tickler Sheet. The EST and TF for thethreeconstructiontasksistaken from Figure
6-15 and theresourcesare takenfrom Figure8-2, augmented by thel nstrumentand
Piles mentioned above. The result of thisfirst stepisshownin Figure 8—6.

Each resourcerequiresa separate row of dataand so wecopy theconstruction
task datainto eight more rowsto accommodateall nine resourcesassociated with
thistask. Ditto markscannot be used becausewewill want to sort theserowslater
into different ordersand these marks would lose their meaning. Tasks #1 and #6
have only one resourceeach and repeated rows are not needed for them.

Estimating the duration for each of the activities constitutes the second step.
Once these durations have been estimated (from your experience and promises
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FOR PART OF THE PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSF

Listing t he Basic Data
| TIMES FOR RESOURCE PROCUREMENT | DATA FOR
RESOURCE | PREPAR |DEVELUMFG| DELIV LEEWAY | CONSTRUCTIONTASK
NAME TYPE | DATE | DUR | DATE DATE DATE EST| TF | NAMEOFTASK | NO.
.M 164] @ | @] ® (6) ] (8) %) (1 0) (1 1)1 012) (13) (14)
Equipment KE ' ' 0 O  Site Survey 1
Piles KM 14 0 Drive Piles 6
Trusses KM 66 0 Erect Roof 10
Crane KE 66 0 Erect Roof 10
Pads C 66 0 Erect Roof 10
Decking C 66 0 Erect Roof 10
Vap Barr C 66 O Erect Roof 10
Cladding C 66 O Erect Roof 10
Steel Frm C 66 0 Erect Roof 10
Soffii C 66 0 Erect Roof 10
, Flashing c . . . . . . . , 66 , 0 , ErectRoof , 10 ,

Figure 8-8  The Resource-Ordering Spreadsheet: Step 1

from the suppliers),they are entered into Figure 8-7, in columns4, 6, 8, and 10.
Theevent timesarecalculated by subtractinga duration fromthelater eventtoits
right inthetable, gartingwiththe EST of theconstruction task and workingtothe
left. Recall that any activity beginsand ends with an event. The resultsof these
calculationsare shown in Figure 8-8.

Becausethetrussesare needed on Day #66 and you felt aLeaway o 15 daysis

FOR PART OF THE PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSF

TIME!
| S FOR RESOURCE PROCUREMENT | DATA FOR

RESOURCE | PrePaR |DEveuMrcl bpeuv | LeEway | CONSTRUCTIONTASK
NAME  TYPE | DATE | DUR | DATE | DUR | DATE | DUR | DATE  DUR | EST "~ TF ~ NAMEOFTASK ° NO.
) @lal@lelelonlelolamlamlea 3 | (14)
Equipment  KE 3 0 1 0 0 O Site Survey 1
Piles KM 3 17 2 5 14 0 Drive Piles 6
Trusses KM 22 23 13 15 66 0 Erect Roof 10
Crane KE 15 2 1 1 66 0 Erect Roof 10
Pads C 10 12 1 5 66 0 Erect Roof 10
Decking C 8 4 6 5 66 0 Erect Roof 10
Vap Barr C 8 2 1 2 66 0 . Erect Roof 10
Cladding C 15 6 6 4 66 0O Erect Roof 10
SteelFmm  C 8 3 2 4 66 0 Erect Roof 10
Soffit C 7 1 1 2 66 0 Erect Roof 10
. Flashing C 3., 1. 1. 3 .66 . 0 ., ErectRoof . 10
Flgure 87 Durations for Resource Procurement: Step 2.
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FOR PART OF THE PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSE"

]

| TIMES FOR RESOURCE PROCUREMENT I DATA FOR ’
RESOURCE | PREPAR [ DEVEUMFG! DELIV | LEEWAY | CONSTRUCTION TASK

NAME  TYPE| DATE | DURlDATE' DUR [ DATEI DUR{ DATE | DUR EST| TF I NAMEOFTASK | NO. ]
(1) @1l lelerlel @ |16l o |¢q)]anlia] (13) 1 (14)
Equipment  KE a 3 -1 0 -1 1 0 0 0 o0 Site Survey 1
Piles KM a 3 -1 17 9 2 11 5 14 0 Drive Piles 6
Trusses KM -7 22 15 23 38 13 51 15 66 0 Erect Roof 10
Crane KE 47 15 62 2 64 1 65 1 66 O Erect Roof 10

Pads KM 38 10 48 12 60 1 61 5 66 O Erect Roof 10 !
Decking C 43 8 51 4 55 6 61 5 66 0 Erect Roof 10
Vap Ban C 53 8 61 2 63 1 64 2 66 0 Erect Roof 10
Cladding C 35 15 50 6 56 6 62 4 66 0 Erect Roof 10
Steel Frm C 49 8 57 3 60 2 62 4 66 0 Erect Roof 10
Soffit C 55 7 62 1 63 1 64 2 66 0 Erect Roof 10
| Flashing C 58 3 61 1 62 1 63 3 66 O Erect Roof 10

Figure 8-8 Start Times for Resource Procurement: Step 3.

safe enough, the Expected Ddlivery Day is Day #51, found by subtracting 15from
66. All the precedingevent timesarefound by calculatingfrom right-to-l€eft; itisa
Backward Pass through this little network. The procurement for the trusses is
calculated to start on Project Day #7.

ORDERING BEFORE PROJECT START

Notethat the preparation of theorder for the Trussesmust start 7 days beforethe
construction begins, which would become an issue if your company decided to
commit company resources before financial approval was received. For this ex-
ample, we will be conservativeand assumethat no approval can be given to the
project manager, and therefore we have a scheduling problem to deal with: How
do wecopewith start timesearlier than the START Time df the project?

The project starts on the day commitments can be made; this defines Day 0.
Therefore, the trussescan be ordered on Day 0, when the project starts. For the
case of a single negative start time, we could see the project being extended by 7
daystoarevised duration of 115 days (fromthe original 108). Refer to Figure 6-
15 for theoriginal schedule.

In a complete analysis that includesall the resources for dl the tasks of the
project, many taskswill have non-zero Floats (Column#12). For these, a negative
Order timein Column #3 may not cause a problem if there were adequate float in
theconstruction task to absorbtheearly start. That is, if the number in Column#12
isgreater than the onein Column#3, then that problemmay be easily resolved.

In the present case (Figure 8-8), the surveying instrument, the piles, and the
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trusses al display negative start times (-4,-3, and —7) but only the piles have
sufficient float to absorb thisearly start.

UPDATING THE SCHEDULE

In complex cases that include several resourceswith a negative start day, sm-
plistic decisions about the effect on the scheduleshould not be made. T o confi-
dently evaluate this kind of situation, a new task representing each awkward
procurement should beincorporated into the basic construction network. Cru-
cial procurement activitiesshould now beconsidered to be part of the construc-
tion project. The basic network of Figure 6-15 has been modified to include
these crucia procurement tasks, asshown in Figure 8-9.

Thethreeawkward resource procurementsshowing the negativestart times
can be readily inserted into the basic network by adding a task bubble between
Project Start and the construction task needing the resource. This assumes that
any resource could beordered asearly asDay O, but that one showing a negative
order time will probably haveto start at Day Zero. Once the network has been
enlarged, the usua time calculation can be performed; this has been done in
Figure8-9. Theconstruction duration isseen to haveincreased by seven days, to
atotal of 115 days.

UPDATING THE TICKLER SHEET

These revised dates (and floats) from the updated schedule are next inserted
back into columns#11 and #12 of thetickler spreadsheet and theevent timesfor
the ordering processare updated. This revised spreadsheet becomesthe Tickler
Sheet that the expediter will use to monitor the progress of the suppliers in
meeting the delivery dates. See Figure 8-10.

Notethat no start times are negative even though there are three EST's of
zero; these must be zero because any task immediately following Project Start
will havean EST of zero. Only one hasitsLST also at zero: thetrusses. Notea so
that theordering timesfor all these resourceshave been set back by 7 days. This
is not a genera rule; to be safe, recalculate the revised network with al the
negativestart resourcesincluded.

Thereisan advantage to rearranging the rows of thistickler sheet to assist
theexpediter. In Figure8-11, Column #3 has been used to sort the rows so that
theearliest Start Preptimesappear at thetop; infact, all thetimesinthat column
are arranged in increasingorder. Thisis an arduous manua job. It would be
madedightly easier if eachrow of thetickler sheet werewrittenonsticky tapeso
that it could be peeled off and moved to another location, but the best way isto
sort the rows on the valuesin column #3 by usingacomputer spreadsheet to do
thework. Fewer than half-a-dozen key strokes will do it.
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FOR PART OF THE PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSF
Using the Revised EST's from Updated Network: Figure 89

1 TIMES FOR RESOURCE PROCUREMENT 1

DATA FOR
ResOURCE | pPrerar |pEveumral peuv | teeway | consTRUCTIONTASK
NAME TYPE | DATE | DUR | DATE DATE DATE | DUR | EST | TF | NAMEOFTASK | NO.
(1 @ @ | @] ® (6) (7) (8) 9 | (o) [ (11) | (12) (13) (14)
Equipment  KE 0 3 3 0 4 0 4 3 Site Survey 1
Piles KM [} 3 3 10 13 2 15 3 18 3 Drive Piles 6
Trusses KM 0 22 22 23 45 13 58 15 73 0 Erect Roof 10
Crane KE 54 15 62 2 71 1 72 1 73 0 Erect Roof 10
Pads KM 45 10 55 12 67 1 68 5 73 0 Erect Roof 10
Decking C 50 8 58 4 62 6 68 5 73 0 Erect Roof 10
Vap Ban C 60 8 68 2 70 1 71 2 73 0 Erect Roof 10
Cladding C 42 15 57 6 63 6 69 4 73 0 Erect Roof 10
SteelFrm C 56 8 64 3 67 2 69 4 73 0 Erect Roof 10
Soffit C 62 7 69 1 70 1 71 2 73 0 Erect Roof 10
Flashing C 65 3 68 1 69 1 70 3 73 0 Erect Roof 10
s
THIS
DATA FROM
FIGURE 8-9

Figure 8-10 The Basic Tickler Sheet: Step 4.

FOR PART OF THE PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSF
Using the Revised EST’s from Figure 8-9 —"Revised Network Diagram"

| TIMES FOR RESOURCE PROCUREMENT |

' DATA FOR
RESOURCE | PREPAR |DNEUMFG| Dpeuv | LEEwAY | CONSTRUCTIONTASK
‘ NAME  TYPE' ' 'DATE DWR DATE NAME OF TASK | NoO.
(1) @ . - .... 6B (© (9) (13) (14)
Piles KM 3 10 15 Drive Piles 6
Trusses KM 22 23 58 Erect Roof 10
Equipment  KE 3 0 4 Site Survey . 1
Cladding C 57 6 69 Erect Roof 10
Pads KM 55 12 68 Erect Roof 10
Decking C 58 4 68 Erect Roof 10
Crane KE 69 2 72 Erect Roof 10
Steel Frm C 64 3 69 Erect Roof 10
Vap Barr C 63 2 71 Erect Roof 10
soffit C 69 1 71 Erect Roof 10
Flashing C 68 1 70 . _ ErectRoof = 10 .
e
THESE
ARE
UPDATED

Flgure 8- 1 Tickler Sheet in Start-Date Order. (*)



134 CHAPTER 8 — SCHEDULING RESOURCE PROCUREMENT
FOR PARTOFM E PROJECT: *THE 24-TASK MODEL FOR THE WAREHOUSF
Using the Revised EST's from Figure 8-9 —'Revised Network Diagram”
TIMES FOR RESOURCE PROCUREMENT
DATA FOR
RESOURCE PREPAR | DEVEUMFG LEEWAY CONSTRUCTION TASK
NAME TYPE| DATE | DUR | DATE | DUR DATE| DUR | EST| TF | NAME OF TASK | NO.
(1) (2) @ @ 6 [® (8) | (10} | (11) | (12) (13) (14)
Cladding C 42 15 57 6 69 4 73 0 Erect Roof 10
Decking C 50 8 58 4 68 5 73 0 Erect Roof 10
Steel Frm C 56 8 64 3 69 4 73 0 Erect Roof 10
Vap Barr C 60 8 68 2 71 2 73 0 Erect Roof 10
Soffit C 62 7 69 1 71 2 73 0 Erect Roof 10
Flashing C 65 3 68 1 70 3 73 0 Erect Roof 10
Equipment  KE 0 3 3 0 4 0 4 3 Site Survey 1
Crane KE 54 15 69 2 72 1 73 0 Erect Roof 10
Piles KM 0 3 3 10 15 3 18 3 Drive Piles 6
Trusses KM 0 22 22 23 58 15 73 0 Erect Roof 10
Pads KM 45 10 55 12 68 5 73 0 Erect Roof 10
* L——
THESE
ARE
UPDATED
Flgure 8- 12 Tickler Sheetin Order of Material Type. (*)

Theadvantage of thisarrangement isthat theexpediter can start the procure-
ment for each resourcefrom the top down and work down the list more or lessin
order.

Thissimpleexamplefor only onetask areaof the project becomesavery large
jobwhen al resource procurementsare assembled into one large spreadsheet. The
previousspreadsheet can becomeeasier to monitor by collectingall the Key Mate-
rials, Key Equipment, and Commoditiesin separate groups. A computer alpha-
betic sort on Column #2 isshown in Figure 8-12. Within each category, the Start
Procurement dates remain in order of earliest first from the previoussort.

USING THE TICKLER SHEET

After the spreadsheet has been expanded to includeall the resourcesfor thewhole
project and has been updated by including the negative-start procurements, it is
ready to be used to monitor the suppliers. The expediter contacts each supplier as
due-dates come up and incorporates any newly reported timesor durations into
the spreadsheet. Periodically, as durations and actual dates are changed in the
construction schedule, the expediter should put these changesinto the network,
recalculate the revised times, and change the task data in the tickler sheet. This
keepsthe tickler sheet current and dependable.
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FOR PARTOFM E PROJECT: “THE 24-TASK MODEL FOR THE WAREHOUSE"
Using the Revised EST's from Figure 8-9 — "Revised Network Diagram"

Trusses KM

S
THESE
ARE
UPDATED

Figure 8- 13  Tickler Sheet Showing Status of Procurement.

As the suppliers report that they have met their milestones, completed pro-
curement activitiesare blanked out so that current statusisidentified. If the Tick-
ler Sheet isdisplayedon paper, a marking pen can nesatly indicatethestatus. Figure
8-13 shows how Figure 8-12 should appear on Project Day 60.

SUMMARY

The Four Stepsto a “Tickler Sheet"

1. Copy theoriginal EST dataof theconstruction tasksinto thedraft Tickler
Sheet and calculate the Start Procurement Dates for all the selected re-
sources.

2. Sdect those resourcesshowing negative dates and, for each one, createa
procurement task in the project network.

3. Recalculatethe Early and Late Timesfor the augmented network.

4. Copy the revised EST's into the Tickler Sheet and recalculate the final
datesfor its Milestonesfor al the resources.

Where procurement problemsappear to delay thestart of aconstructiontask,
check itsfloat: for a non-critical task the apparent delay may be absorbed by its
construction task.
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In somecaseswe might be judiciousin reducingthestated leeway and absorb-
ing it in the Total Float. This practice must be used carefully. If there is any
question about the reduced size of the leeway, do not change anything. In cases
wherethereisa huge Total Float then no leeway was required anyway.

NOTE Itisimperativeduringall thedetailed manipul ationswith the network
to keep a clear eye on what you are trying to achieve and then make only simple
and constructivechanges.

EXERCISES AND PROBLEMS

1 Refer tothe 24-task AOA network for the warehouse project (Figure6-
16) and preparea tickler sheet for the resources needed for construction
tasks#3, #7, and #8. Sdect atotal of twelverealisticresources, including
at least two different crews and at least onefrom each of the other re-
sourcetypeslisted in this chapter.



CHAPTEHR

LEARNING OBJECTIVES

After completing thischapter, you should be ableto:

Draw a histogram displayingthe daily requirementsof a resource.

». Determinethetotal usage of a resourceover the duration of a project.
Recognizea clashin the use of a scarceresource.

Apply re-scheduling ploysto eliminatea clash in the use of a resource.
Smooth a manpower loading histogram.

PREPARATION FOR THIS CHAPTER

In the previouschapter you learned how to set up aschedulef or timing the order-
ing of resources needed for a construction project. Y our familiarity with the re-
sourceswill beextendedin thischapter asyou draw graphsdf their utilizationand
relate parts of someof thegraphsto actual activities on the construction job.

Y ou should have some background knowledgeabout the construction industry,
the state o labor relaions, and the loca economy to appreciate that problems of
supply may restrict your ability to obtai n the resourcesyou nesd whenyouwant them.

Y ou should be very familiar with the constructionsegquencesdf a projectand
the physical layout of the site so that you will know whether certain crews and
equipment would be able to work in close proximity with one another.

INTRODUCTION

We saw that resource procurement can affect the construction schedule; we will
now see how competitionfor a resourcein short supply (for example, gypsum
board or a crane) can have similar effects. An evaluation of when resourcesare
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used will reveal that many areirregularly used over thecourse of the project. This
chapter discusseswhy and how weshould smooth theseirregularities. Thisprocess
iscalled "Leveling," " Smoothing,"” or "Baancing."

In developingthe most up-to-date schedule in the earlier chapters, we uncon-
scioudy assumed that we had an unlimited supply of all the resources needed for
the tasks, but the real-world situation may be very different. The singlecranewe
budgeted for may be needed for two construction tasks at the same time; or the
carpentry crew may berequired towork ontwo or moredifferent tasksat thesame
time; or the carpentry crew may be scheduled for work on two or more overlap-
ping tasks; or the painting crew will not be allowed to work alongsidethe electri-
ciansin a confined space.

In retrospect, we intentionally were unconcerned about these issues because
our philosophy in this book isto improve a network and schedule one step at a
time until we reach a realistic model for the project. We have reached the point
where we can superimpose onto our network the constraints that result from
Scarce resources. .

Other than resolving resourceclashes, we must try to smooth the wide swings
in the daily application of certain resources, especially work crews. For example,
the carpentry crew might be assigned work on afour-day task and then beleftidle
for three days, which would disrupt its working momentum, decrease its effi-
ciency, and complicate management of the job. Management's objective is to
achieveasteadily working crew by rescheduling certain tasks by altering or adding
precedencelinksinto the network. These adjusiments tend to complicate the net-
work and lengthen the project.

EXAMPLES OF CLASHES: THE WAREHOUSE PROJECT

The 24-Task model of the Warehouse Project is a useful example for a resource
analysis. ItsSAON network, from Chapter 6, providesthe construction precedence
information and its related Gantt Chart (Figure9-1) showsthetimeslotsfor each
task.

We are not using more recent schedules from the two preceding chapters
because those versions were not completely updated. For an actual project in
which al of the refinementswereincorporated, youwould usethelatest schedule.
Because dl of the refinementswe make are interrel ated, the refining processends
only when you are satisfied or run out of planning time.

Tasks Starting at the Same Time

When the schedul eshows two tasks requiring the same piece of equipment at the
same time, the manager decides which task should use it first by comparing the
total floatsof both tasks. Their floats determinethe priorities.

For example, in Figure 9-1, Tasks #13, #15, and #16 have the same EST:



Figure O-1  Gantt Chart and AON for 24-task Warehouse Project.
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work on al threeis scheduled to start smultaneoudly on Day #85. Two of them
requirethesamecrew of laborers: the Foundatiori Drains(#15) and Preparingthe
Slabs(#13). Thisisan easy decison for the manager, because Task #13 (Slab)has
zerototal float whereas Task #15 (theDrains) has13 days TF.

Clearly, thework on Task #13 should start first, with the labor crew moving
on to Task #15 when they finish #13. The sequencingdf these two tasks can be
arranged on the network by forcing #15 to follow #13 by adding a sequencing
arrow betweenthem. Thelink hasan arrowheadto emphasi zethe sequence; it can
be seenin Figure 9-2

With this precedenceadded (#15 follows#13), it isclear that Task #15 hasits
EST pushed back by 5 days (theduration of #13) to Day #90 and itsTFwould be
reduced from 13t0 8 days. Task #15 now hasthe same start time as tasks#11,
#14, and #18, and we discover that a new conflict may have been caused. Let us
assumethat amajor piecedf equipmentis needed by thesefour tasks. They should
beexecuted in order of their total floats: #11 isfirst, followed by #14 or #15, and
then by #18. As before, we use arrows superimposed on the existing network to
rationalizethe use of thisoverloaded piece of equipment. Figure 9-2 showsthese
refinementsas dotted-linearrowson a portion of Figure 9-1

TASK #15 FOLLOWS SUBSEQUENT RESCHEDULING:
TASK #13 #11TO#14TO #15TO #18
(---mmmmmmmeee >) NEW LINKS:
CREW OVERLOAD [ o)
EQUIPMENT OVERLOAD

Figure 9-2 Forced Sequencing by Adding Links.
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An Alternative Way to Prioritize Tasks

Reviewingthe datafor thefour taskslisted belowin thetable, weseethat thetasks
could beprioritized in the order of their Late Start Timeswith the same resullt.

Task No. Totd Hoat LST
11 Za0TF Day #90
14 8days Day #98
15 8 days Day #98
18 9 days Day #99

Recall the relationship [EST + TF = LST). Because all four tasks have the same
EST, the LST could serveequally well asacriterionfor definingthe order in which
thesetasksare to be rescheduled. When tasks have the sasme TF (asis the casefor
tasks #14 and #15), select the one that fits better into the schedule.

Problems of a Crowded Work Area

A third type of constraint relatesto separating tasks that can confuse progressif
allowed to occur together. An exampleisthework on the Foundations (Task #7),
laying the Underslab Services (Task #8), and the development of the Road Beds
(Task #19). All three are scheduled to start on Day #26. The manager wants the
important Foundation work to proceed unimpeded, therefore tasks #8 and #19
arerequired tostart afterward. The delaysare not a problem becausethe TF’s can
absorb them and no major schedule disruptions are caused.

All of theabove aterations to the basi ¢ schedule have beenincorporated into
the basic network and appear in Figure9-3. Theforward pass cal cul ation shows
the project's duration to bechangedto 115 days, caused solely (inthiscase) by the
equipment clash; its effect completely engulfsthe delay from the crew overload.
Notethe revised critical path.

Possibilities for Shared Use

In caseswhere severa tasks are competingfor the use of a pieced equipment (as
above), such useisrarely 100 percent allocated to any task over its whole dura-
tion. Its use might be shared among all the competing tasks, thereby reducing or
eliminatingany lossadf time. A crane, for example, isoften needed for ashort time
at the beginningof atask to place materials, after whichit would befreefor other
applications. Such shorter use periodswoul d be sequenced. Some computer sched-
uling programs accept resource allocation rates to alow for shared use Our
manual system could account for shared used if each task were subdivided into
two sub-tasks: one being the time period for using the equipment, and the other
being the regular construction activity. Thisisillustratedin Figure94 .



REFINED SEQUENCING TO RELIEVE

1 DOUBLE SCHEDULED CREW

2 OVER-SCHEDULED PIECE OF EQUIPMENT
3 OVER-CROWDEDSITE

( ROUGH )
ROAD BEDS

NEW CRITICAL

T

NO=  ROAD CONSTRUCTION
SEPARATEDINTO
TASKS 19A & 198

FINISH
ROADS

Figure 9-3  Revised Network Showing the Forced Sequences.
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:

EDN

THE FOUR TASKS COMPETING THE FOUR TASKS USING THE
FOR ONE PIECE OF EQUIPMENT. EQUIPMENTIN SUCCESSION.

Hgreo4 Subdivided Tasks Share a Resource.

These new tasksand linksare smply hand-drawn into the network or added
tothedatain thecomputer program. Depending on thefloat available, the revised
timecal culationsmay changethetimesand thefloats. But when the TF’s aresmall
and largechangesare madein thecal cul ated schedul e, you must decidewhether to
increase the amount of the resource available (lease another crane or hire more
workers), or allow the schedule to be stretched out. The difference in costs will
help you decide.

To "Crash" or Not to "Crash”

""Crashing" isadding resourcesto save time. Irrespectivedf the pressuresto avoid
faling behind in the schedule, the option to add more resources may not exist.
They can bein limited supply due to external factors such asa busy construction
season or very long delivery schedules. Crashingisan important techniqueand we
shall study it separately in Chapter 10. Revised delivery durations have aready
been studied in Chapter 8. Keepingto the principled fixingthe schedule one step
at atime, wewill not consider crashing here but will make changeswhile keeping
the rate of supplying resources unchanged.

SMOOTHING RESOURCES

One goa of good management is to apply human resourcesin an effectiveand
efficient manner because on-again, off-again work periods are unsatisfactory to
theworkersinacrew. Wewill usean exampletoillustratesuch situations, define
the terminology, and explain the graphical aspects.
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Flgure -5  AON and Gantt Chart for a Small Project.

The basic Gantt Chart for asmall projectin Figure9-6 showswhen action is
being taken on each task and when specificresourcesare being used, in thiscase,
laborers.

Resource Histograms

The number of workers needed by each task is written in each bar of the chart.
Using this manning data, we can construct a time-based graph showing the total
number of workers needed on each day of the project. Thisis caled a rescurce
histogram. A separate histogramis needed for each resource, crane utilizationand
labor assignments. The histogram is based on every task starting at its Earliest
Start Time and the resource being used for the complete duration of the task.
Figure 9-6 A isthe histogramfor laborers.

The total height of a box on the Gantt Chart indicates the total number of
workers needed from day to day, obtained by summing the number of workers
from eachtask for that day. It is useful to show thecontribution from each task as
aseparate block on this histogram becausethiswill helplater in planning whereto
relocate a particular task in the histogram.

Total Effort and Average Crew Sizes

A resource histogram providesanother function aswell: the areainsidethe graph
represents the total number of man-days required for the project. For example,
Task “A” needs two workers for 4 days; the effort required is 8 man-days (2
workersx 4 days). Therefore, all thetasksin thissmall project requireatotal of 45
man-daysover the10 daysof the project, an averageof 4.5 workers per day. This
gives usatarget for smoothing the workforceto lessvariablelevels. Obviously we
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NUMBER OF
LABORERS
10
8 C
CREW SIZES
6 S TARGET (6)"
PR AVERAGE (4.9)
4
B D =
2
A F
0 1
2 4 6 8 10 1 2
PROJECT TIME (DAYS)

Flgure 9-6A I;aily nguignentfz)r La_l;orers_:. AI%togEm.

cannot have half-a-worker so we must be content with a theoretical target of a
constantcrew of fiveworkers. After makingchanges, we must ensurethat thetotal
effort isthe sameas beforethe changes, 45 man-days.

Smoothingthe Daily Crew Allocations

In theexample, weshould striveto level each day's crew to thefive-persontarget,
but we may have to accept six as more redigtic. At any rate, the 10 workers
scheduledfor Days S and 6 are unacceptable. To resolvethisoverload, we need to
re-scheduleseverd tasksto start later than their initially calculated Earliest Start
Times. We can accomplish thisin two stages.

1 "Freeze' thecritical tasks (TF= 0) in their original time periods; then re-
schedule theotherswithintheir floats, startingwith thetask having theleast
float. Notethat taskswith TF = 0 have priority ONE. They are*'frozen™ in
timeand arescheduled first (that is, in their original time period).

2 If thecrew sizeisstill too large, re-schedulecertain of thecritical tasksto
minimize the increasein the duration of the project.

I'n our example, the prioritiesbased on theTotal Floatsof thetasksareshown
in the table below. (Rememberthat smaller floats equate to higher prioritiesand
earlier re-scheduling.)
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NUMBER OF
LABORERS ORDER OF RESCHEDULING
“SECOND”
77 T
6 |- - TARGET
“THIRD . (6 LABORERS)
4|----% c
B ! baag 24
' D W FIRST”
5 .
B

Flgure 9-6B Levelingthe Histogram: Stage One.

TAX NAME A B C
TOTALFLOAT 0 7 4
PRCRTY 1 4 3

=]
NEF, M
RO T

Thetechniqueworkslikethis: FreezeTasksA, D, and F; then re-scheduleE, C,
and B (inthat order). With Eleft whereit is(thenumber of workersisbelow 6)and
C scheduled to start after D isfinished, then theoriginal clash of Cand D isfixed
but a new oneiscaused between C and E. Day 9 isnow overloaded by oneworker.

NUMBER OF
LABORERS LABORERS HISTOGRAM:
| RESOLVING CLASH OF TASK “E”
0 4 8 mno1n
PROJECTDAYS

Flgure 9-8C Resolvingthe Second Clash.
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Thesechangesaredisplayedin Figure9-6B. Often, a* frozen" task must be moved
to alater time slot to preservethe proper sequencing.

One way to satisfy the six-man requirement is to start E after F is finished,
causing E to becomecritical and extending the project by one day (seeFigure 9-
6C). In thiscase, E must be linked to both C and F to ensurethat E cannot clash
witheither oneif Cor Fdipswithalonger duration. Alternatively, blindly placing
C after Fwould solvethe overload but would lengthen the project by 2 daysand
causean irregular crew size.

Projects normally start with a small crew, increase to a maximum near the
middle, and then fall off near theend. In thisexample, we could start Task ""B" 2
dayslate (tostart the project "dower') with 2 workers for the first 2 days, fol-
lowed by afixed crew of 4 for therest of the project, ending with one on the last.
day. Thisfina plan is shown in Figure 9-6D, together with an updated AON

NUMBER OF

LABORERS HISTOGRAM (REVISED)
LABORERS

BUILD-UP OF LABOR FORCE
(RESCHEDULE"B")

PROJECT DAYS

FINAL NETWORK:

Figure 9-8D Revised Manpower Loading and AON Diagram.
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network.showing the new precedencelinksand the new Delay task; several origi-
nal links have become redundant.

Conflicting tasks are re-scheduled only by adding precedence linkagesto the
network. Never use a dummy Delay task to reschedulea clashed task. The real
delay wanted for Task "B" has a different objective. To prevent a clash, the re-
scheduling requires that one task must follow another independent of the actual
durations during construction. A dummy " delay" tactic will break down if one of
the tasks dipsand takeslonger than expected, causing another clash. Thecomple-
tion of the precedingtask really signalsthat thecrew can betransferred tothe next
task; a precedencelink ensuresthis sequence. In theexample, if afour-day delay is
placed before Task " C" and Task " D" endson Day 7 instead of Day 6, then the
two tasks still overlap on Day 7.

STRETCHING OUT A TASK

Tolower pesksin theloading (and also tofill inthe valleys)it may be possibleto
stretch out a particular task by reducingits crew size and extending its duration.
You may beableto tolerate a lower crew efficiency in order to get the benefits of
a reasonably constant crew size; each compromiserequiresthat you exercisegood
judgment. Task " D" requires24 man-daysaf effort (6 workers x 4 days), which
could be modified to 4 workersfor 6 daysor 3workersfor 8 days, each of which
resultsin 24 man-daysaf effort. Thisstretching techniqueis useful if an extended
project duration isacceptable. Thesmall project we have been usingasan example
has been stretched; it isshown in Figure 9-6E.

A TABULAR METHOD FOR SMOOTHING

The graphical approach for resolving clashes works well for small projects but is
unwieldy for large ones. However, we have a tabular method to help with solu-
tions. Figure 9-7A isthe worksheet for resolving the resourceissuesof the Ware-
house. Thisworksheet isdeveloped from the basic Gantt Chart (Figure9-1), with
thesizeof thelabor crew placed insidethetask barsand specifictask datalisted to
theleft of the Gantt Chart.

For the Warehouse, the much-simplifiedcrew dataislisted for each task: only
Equipment Operators (EO), Carpenters (C), Painters (P), Plumbers (PL), Masons
(M),and Laborers(L)areconsidered. Among the others not included are journey-
men, supervisors, specia equipment operators, and managers.

For a specificday, wecan add up the number of crew workersand record the
sum in one of the bottom rows under the Gantt Chart, with one row for each
resource. Similarly, we can sum the total number of man-daysfor each task (that
is, along a row) and enter this value in the appropriate column at the right-hand
sided the Chart.
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NUMBER O~
LABORERS

Flgure 9-6E  Stretchingout a Task—lts Gantt Chart.

The manpower |oading histogram (Figure9-7B) for laborers wasconstructed
from the daily loading values on the worksheet. For example, on Day #86, tasks
#13 and #15 arein-work requiring3 and 2 laborers, respectively. Thus S laborers
arerequired on Day #86. (Notethat sub-contractors are responsiblefor their own
resources.) It shows how the daily requirement for laborers varies over the 108-
day life of the project.

Thedaily manninglevelsvary quitedramatically,from 8 (onDay #30)to 2, a
few dayslater, and then falling to zero, risingagain to 3, and staying at that leve
totheend. It should be possibleto smooth thesevariationscloser to the averageof
4 by thoughtful re-schedulingdf some tasks.

You may be considering which tasks to re-schedule to improve the wide
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TASK IDENTITY

#

© 00 N o g M~ W N P

N PR R R R R R R oa R
© © ® N O O A W N =+ O

21

NAME DUR EST LST TF
LEGAL SURVEY 2 0 o 0
SOILS ANAL. 4 2 2 0
RUFFEXCAV 2 6 6 0
SOILS PREP 6 8 8 0
SITE SERV. 8 2 78 68
DRIVEPILES 12 14 14 ©
FOUNDATNS 20 26 26 O
U/SLAB SERV. 7 26 78 52
BLOCK WALLS 20 46 46 O
ROOF STRUCT 19 66 66 O
DOORS. ETC. 6 90 90 O
PAINTING 7 9% 9% O
CONC. SLABS 5 85 85 0
SANY PLUMB 5 80 98 8
STORMDRAINS 3 85 98 13
ELECTRICAL 8 85 90 5
HVAC/MECH. 4 93 98 5
COMMUNIC. 4 90 99 9
ROADS/PARK® 17 10 80 70
WALKWAYS 3 27 98 71
SITE LITES 6 27 97 70
FENCES 1 97 102 5
LANDSCAPE 7 30 101 71
CLEAN-UP 5 103 103 O

EO | EQUIP. OPERATORS
L | LaBoRERS

I ETC.

|
c | CARPENTERS |
I

PROJECT DAYS FROM THE START OF CONSTRUCTION

CREWS TEENS TWENTIES THIRTIES FORTIES
NEEDED 01234567890123456789012345678901234567890123456

(SUB) [ |‘ Lo '

(SUB)
EO, L B
EO, L

EO, 2L ' 2
EO, 2L l 2L [ )

2C, 2L | 2L
EO, 2L

2M, 3L -

EO, 2C, 2L

2c,2L

2P

2CF, 3L

PL. 2L

PL, 2L
(SUB)
(SUB)
(SUB)
EO, 4L .l ; 4L ppy '
EO, 2L (2.

o |

|
£O, 3L I
3L

Figure 9-7A  Worksheet for Resource Leveling.
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LABORER HISTOGRAM

360 MAN-DAYS
108 DAYS =33 MEN

Figure 9-7B Laborer Loading Histogram: The Warehouse Project.

swingsin thelabor crew, but let us now study the worksheet and then perusethe
re-schedulingtechniquesin detail afterward.

For bookkeeping purposes, notethat task #3 needs1 laborer for 2 days, for a
total effort of 2 man-days; task #4 has1 |aborer for 6 days (6 man-days); and task
#5 has 2 laborers for 8 days (16 man-days). These three values are entered in the
last column of the worksheet.

Step-By-Step Method

You must first decide where to begin. The first task to be "frozen™ in the new
schedule is the one with the earliest LST. The rest are "'frozen™ in the order of
earliest LST. To assist this selection process, it is useful to sort thelist of tasksin
order of LST and TFand then work down thelist. Figure 9-7C showsthe 24 tasks
sorted in this new order (using spreadsheet software). Note that the first 8 tasks
have zero TF; these cannot be re-scheduled without lengthening the project but
this is often necessary.

Scheduling the first eight tasks incurs no changesfrom before, but the next
three (#8,#5, and #19) can be placed anywhere between their EST and LST aslong
astheir precedencelogicis not violated (aneasy mistake). Because#8 must occur
after #5 finishes, #8 cannot be scheduled without considering the revised timing
for task #5.

Onere-schedulingsol ution isshown on theworksheet of Figure9-7D, withits
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Figure 9-7C Tasks Sorted Ready for Re-scheduling.
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WAREHOUSE PROJECT: 24-TASK SCHEDULING MODEL

Sorted in Order of Late Start Time and TF

TASK NAME

LEGALSURVEY
SOILS ANAL
RUFF EXCAV
SOIL PREP
DRIVE PILES
FOUNDNS
BLOCK WALLS
ROOF STRUCT
U/SLAB SERV
SITE SERV
ROADS/PARK
CONC SLABS
DOORS, ETC
ELECTRICAL
PAINTING

SITE LITES
H-VAC MECH
SAN PLUMB
STORM DRAINS
WALKWAYS
COMMUNIC
LANDSCAP
FENCES
CLEAN-UP

2
4
2
6
12
20
20

=
©

[EEN

R NRMOWORARONOO OUTN N

30
97
103

cooONO

14
26
46
66
78
78
80
85
90
90
96
97
98
98
98
98
99
101
102
103

DUR EST LST TF

~ ~N O Ul
O OOOWOWNOOOCOOOOO

~N P

\I
CUPFrPOEFL WWWUOoOo

CREWS
NEEDED

(SUB)
(SUB)
EO,L
EO,L
EO,2L
2C,2L
2M,3L
EO,2C,2L
EO,2L
EO,2L
EO,4L
2CF,3L
2C,2L
(SUB)
2P
EOL
(SUB)
PL,2L
PL2L
EO,2L
(SUB)
EO,3L
clL

3L

PRECEDING
TASKS

Start
1

&6

ORPONOOPPWDN

8&10
13

10

11

19
13& 16
13

10

19

13

20

17
12,14,15,18,21 &2

resulting histogram in Figure 9-7E. Thisshows improvementin theearlier stages
of the project, but some further refinement is needed. Perhaps a constant
workforce of four laborers could cope with the work after Day #86; later in the
project, actual schedulesmay bedifferentfrom thisearly plan and laborerscan be

reassigned more flexibly.

Rules for Re-Scheduling to Smooth Resource Allocations

The previousdiscussion about resolving resourceover-usedid not provideexplicit
rulesfor doing it. A fundamental rule governsthe process. freeze taskswith zero
TF and then re-scheduleconflictingtasks in order of their LST’s. The set of rules
below should lead you to a successful smoothing of resources.
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WAREHOUSE PROJECT: 24-TASK SCHEDULING MODEL. Sortedin Order of Late Start Time and TF

CREWS PRECEDING
#  TASK NAME DUR EST LST TF NEEDED TASKS

LEGALSURVEY 2 0 0 0 (suB) START
SOILS ANAL. 4 2 2 0 (suB) 1
RUFF EXCAV 2 6 6 0 EOL 2

SOIL PREP 6 8 8 0 EOL 3
DRIVE PILES 12 14 14 0 EO2A 4
FOUNDATNS 20 26 26 0 2C2L 6
BLOCK WALLS 20 46 46 0 2M,3L 7
ROOFSTRUCT 19 66 66 ©0 EO,2C,2L 9
U/SLAB SERV. 7 26 78 52 EO 2L 586
SITE SERV. 8 2 78 68 EO,2L 1
ROADS/PARK 17 10 80 70 EO,4L 5
CONC. SLABS 5 85 8 0 XF,3L 8810
DOORS, ETC. 6 90 9 0 2C2 13
ELECTRICAL 8 85 90 (SuB) 10
PAINTING 7 9% 96 0 2P 11
SITE LITES 6 27 97 70 EO.L 19
HVAC/MECH. 4 93 98 5 (SUB) 13816
SAN PLUMB 5 90 98 8 PL2A 13
STORMDRAINS 3 85 98 13 PL,2L 10
WALKWAYS 3 27 98 71 EO, 2L 19
COMMUNIC. 4 90 99 9 (SuB) 13
LANDSCAPE 7 30 101 71 EO,3L 20
FENCES 1 97 102 5 C,L 17
CLEAN-UP 5 103 103 0 3L 12.14, 15, 18,21, & 22

i=|gure 9-7D Revised Géntt Chz;lrt—An Early Draft.
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TOTAL EFFORT 360 MAN-DAYS NUMBER OF
LABORERS ™\ TASK #

LEGEND
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LCRE\N SIZE LABOR CREW HISTOGRAM
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Figure 9-7E Revised Histogram for Laborers.

3

Record your changes graphically on the spreadsheet (by relocating the
task bars).

Check the AON network to ensurethat the sequence of tasksis not vio-
lated (adding new linkswhere required).

Keep a constant check-sum at the bottom of the spreadsheet.

THE TECHNIQUE: STEPS FOR RESOURCE LEVELING
For a group of tasks contributing to an Overloaded Resource:

1

2
3

Schedulethetask havingthe EARLIEST Late Start Time (thisgivesprior-
ity to theearliest critical task—for critical tasks, LST = EST) and then re-
schedule the task having the next earliest LST, and so on.

When severd tasks havethe same L ST, givepriority tothe one havingthe
smallest Total FHoat.

Scheduleeach task asearly as possiblewithout violatingany of the prece-
dence requirementsfor the project. When a critical task dips, any task
following it must also start later. Refer continually to the network or
Precedence Matrix to maintain the order of construction. Y ou can ensure
that construction sequencing is not violated by adding links to the net-
work based on the sequencing dictated by your smoothing objectives.
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4. Ensurethat thetotal amount of each resource scheduled does not exceed
the prescribed limit; it measuresthe total effort expended by a crew.

Smoothing More Than One Resource at a Time

Thisintroductionto ' smoothing' focused on smoothing only oneresource: labor-
ers. Redligtically, there will be more than one type of manpower and equipment
that clash among themselvesand must be smoothed. Realistic multipleclashesare
practically impossibleto smooth to their ideal levels because re-scheduling one
could cause a clash in another. Compromises must be made. The manager must
decide which resource should be "smoother" than the others. If smooth man-
power loadingis preferabletothesmooth useof machinery, thenthiscriterion will
guide the re-scheduling of tasks.

In Figure 9-7A, between Day #28 and #33, tasks 8, 20 and 21 each require
one Equipment Operator. Re-schedulingany of thesethreetasks may causeaclash
with other tasksfor EO’s or any other resource. Thisillustratesthe complexity of
attempting to level several resourcessimultaneously.

Checking Your Work: Bookkeeping Checks Reveal Errors

As we re-schedule a task, its resource bar (and its man-day count in the last
column) will be moved aong the row and therefore the sumsin the bottom row
will change; thesum in thelast columnwill not bechanged. We must remember to
keep track of the effort for each resource each day and record the totals in the
lower rows at the bottom of the page. When we have finished, we can check our
accuracy by summing thetotalsof the last column and comparing it with thesum
of valuesin the bottom row. They should be the same. An exampleis shown in
Figure 9-8, which is based on the small example project described in Figure 9-5.
And just asimportant, the termsin the last column must be the same as they
were beforeyou re-scheduled. If not, then you made mistakes. Thesevaluesin the
last row and the last column represent the effort expended for each task on any
given day; the total in the lower right corner is the total effort required for the
project. This is so because the fundamental assumption of this method isto re-
schedule-without changing the TOTAL resources of any task!

Updating the Network

Because you re-scheduled on a Gantt Chart/Worksheet, you should update the
AON network to record a consistent set of data. If you worked carefully on the
worksheet and did not violateany existing precedencelinks, there may bevery few
adjustments to be made. Check each task from the task order on the worksheet
and compare this sequencing with the original AON’s, making corrections and
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EFFORT NEEDED
FOR EACH TASK
(MAN-DAYS)

1ZE
CREW SIZE NEEDED EACH DAY THIS “CHECK SUM' FROM

THE ROW AND COLUMN
MUST BE THE SAME.

Figure 9-8  Checkingthe Worksheet.

additions where necessary. You may find errorsin the worksheet. This has been
donefor leveling the laborer crew and the revised AON isshown in Figure 9-9.

Computer Assistance

The methodsof thischapter can be quite challenging to execute with pencil and
paper. Thankfully, several scheduling programs are capable of " automatically™
levelingresourcesaspan of theservicesthat they offer to the human scheduler. To
refer to thispart of the softwareas ™ Black Art™ would be unfair to the program-
merswho devisedit; butitisquite unnervingto manually leve a projectat consid-
erable emotional expenseand then repeat it on thecomputer by smply pressinga
few keys and waiting. Regardless of al the other services supplied by a good
scheduling program, thislevelingfunction alone justifiesits purchase.

Thereismuchinthischapter about leveling resourcesby modifyingthescheduleof
individual construction tasks. Wefound that thecritical taskscould be"frozen™ in
their origina scheduleand that the remaining tasks might be re-scheduledwithin
their individua floats. It might become necessary for critical tasks to be re-sched-
uled, with a resultingextensionof the project.

We needed to be careful to ensurethat the original precedence requirements
werenot violated after sometaskswerere-scheduled. Itisalwaysmorechallenging
totry to level severa resourcesat oncerather than only one.



BASED ON THE SEQUENCES REQUIRED
IN THE REVISED GANTT CHART (FIG. 9-70)

Figure 9-9 The Updated AON Network: New Links.
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EXERCISES AND PROBLEMS

1 For thesmall exampleproject of Figure 9-5 smooth the loading for the

crew accordingto the changed manpower requirementsbelow. Draw the
histogramfor theinitial case, determinethe total effort (man-days),the
average number of workersneeded per day, and try to achievethistarget
number through judicious re-scheduling. As a supplementary problem,
stretch severd tasksso that the work can be completed with a maximum
of 6 workers.

TAK IDENTITY A B C D E F
NO.OFWORKERS 4 3 b5 3 3 3

Thefirst attempt at levelingthe laborer crew is reported in Figure 9-7D.
Study thisanalysisand consider how you might re-schedulesometasksto
smooth out the variations near the end of the project, after Day #86. As
part of this resolution, you should consider "*filling in* the loading be-
tween Day #33 and #66 currently with a crew of 3. After making the
bookkeeping check, updatethe AON network to makeit consistent with
your worksheet. Recalculate the AON to compare the times from the
Gantt Chart on the worksheet.



CHAPTER

REDUCING THE
DURATION OF A PROJECT

LEARNING OBJECTIVE

After completingthischapter, you should be able to:

1 Reducethedurationof a projectintwo ways

a by subdividing pairs of sequential tasks so that the second one can
begin beforethefirst iscompletely finished; and

h by "Crashing" sdectedtasks; that is, by acceleratingtherateof doing
thework through an increased supply of resources.

PREPARATION FOR THIS CHAPTER

Every refinement described in earlier chapters tended to increase the duration of
the project; this chapter introducestwo methodsfor shortening a project. These
techniquesfor accelerating a project can be applied at any stageduring the evolu-
tion of a schedule, but it is logicd to attempt to shorten = project only after al
sow-downshave been considered.

You must be familiar with dl the resources needed for each task and the
physical layout of the project. Somedf thethingsyou may need to consider arethat
theddivery of resourcesmay belimited by the suppliers, cramped workingcondi-
tionsmay prevent alarger crew and more equipment from being accommodated,
and storage of extra building materialsmay belimited by asmdl ste.
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INTRODUCTION

Inaour privatelives, weoften takeall thetimeavailable beforewefinisha job. In
industry, there are many argumentsin favor of shortening a project.

1 Money isborrowed for ashorter timeand theinterest to be paid isthere-
forereduced.

2 Completing more projectsin a year means that the costs of running the
company are shared by more projects, reducing the " overhead" charge
against each project.

3 Poor attitudeslead to other inefficiencies.

STRATEGIES FOR SHORTENING A PROJECT

Recall that thelongest path through a network determinesthe project's duration,
and, therefore, the critical path must be shortened to save time. If another path
through the project has only a small amount of float, then it can become the
critical pathif theoriginal critical oneisshortened by morethan theamount of the
float. We can shorten atask ona critical path by only the amount of the smallest
float of al the tasksin the network; then we select other pathsto shorten. There
are two waysto shorten a critical path: task splitting and " crashing.”

Task Splitting

Task splittingisre-organizingthe (usual ly)larger tasksinto several smaller compo-
nents, so that thefollower tasks can begin sooner, after completion of only part of
the preceding task. For example, the paintingof a multistorey apartment building
could bedoneaseach floor iscompleted, rather than waiting until all thefloorsare
complete. Defining paintingasa singletask in theinitial network wouldforce usto
consider splittingasaway of saving time, especialy if paintingwerea critical task.

Increasingtherate of supply of resources by increasingthesizeof thecrew on the
job or adding another crane increasesthe daily effort applied to a task and short-
ensitsduration. Addinga second shift or working a longer day accomplishesthe
samething, but it may becheaper to add moreresourcesto the day shift. Thereare
rulesfor selecting the most effectivetask to crash.

Tasks are split without increasing the flow of their resources, but crashing
doesincreasetheflow of resources. Wewill study the constant resourcetechnique
first in thissection. Following thiswe will study two variationson ** Crashing™ in
which the specific objectives have been defined: crashing to minimum project
duration OR crashing to minimum total cost of the project.



CHAPTER 10 — REDUCING THE DURATION OF A PROJECT 163

PROBLEMS DUE TO INCREASED COMPLEXITY

Thesimplest projectisthe” One-Man-Show," whereonepersondoesal | thework,
executing onetask after the other. Its Network Chart isvery smple: thereisone
line of tasksfrom START to END and thetotal duration isthe sum of the indi-
vidual task durations. Additional new helperscan be applied either to assist the
original lonesomeworker or execute some of the other tasksin parallel with the
original worker, thus producinga second path in the network. The singleworker
can manage his solitary project all by himsdf, but the complication of adding
severd new workersrequires monitoringand coordinating—amanager is needed
and overhead costsrise.

As more and more workers (and equipment and materials) are added, the
network becomes more complex and involved; individual task durations can be
shortened, and floats aresystematical ly reduced until a near-panicworking envi-
ronment evolves. At worst, all tasks (andall pathsthrough the network) become
critical and any slip-up causesthe project to stretch out. Thus, management of
the project becomes more difficult, requiring more managers, more coordina-
tion, and more meetings. In short, projectscan be over-refined to the point that
they becomealmost impossibleto manage. Fortunately, thisall-critical situation
isseldom attained, but partsof all projectscan display the tendencieswhen they
are squeezed.

PRINCIPLES FOR SPLITTING TASKS

The method to be described here is restricted to increasing only the number of
tasks without adding any new resources. Two tasks are subdivided into smaller
parts, allowing the second task to start earlier. In practice, resources might be
increased aswell, but, for thislearningexercise, the two tacticsare separated. The
objectiveisto subdividetasksinto two (or more) shorter tasksso that a dependent
task can be started beforethefirst oneiscompletely finished. Even though a task
issubdivided into several shorter tasks, itstotal duration will not be changed, nor
will thetotal resourcesrequired for thetask be changed.

Toshortenthetotal durationdf apair of sequential tasksrequiresthat thesecond
task beableto bestarted whilethefirst (predecessor)task istill being executed. For
example, if aroom must be fumigated beforeit can bepainted, it would be impossible
to beg n painting beforethe fumigation wasfinished, unless some very specid, more
expeng ve precautionswereadopted. But asweare not adding any resources (existing
or new), we must finish fumigating beforestarting to paint.

In addition, the pair of tasksto be split cannot use the sameresources. If the
samecrew workson both of thetasksthat areto besplit, thecrew would then have
to work on both part-tasks simultaneoudly after the split. This would not be
possiblewithout adding another crew.
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DAYS 0 6 14 18 24
TRENCHING

GRAVEL BED

LAY PIPE

BACKFILL

Flgure 10-1  Simple Pipe Laying Project.

Therefore, in order to split two tasks to shorten the duration of the project,
therearethreecriteriato be observed:

1 Bothtasks must be on thecritical path.
2 Both tasks must bein sequence.
3 Bothtasks must useindependent resources.

Consider digging a mile-long ditch (6 days), laying a gravel bed (8 days),
laying drain pipe (4days), and then re-fillingthe excavation (6 days). Figures10-1
and 10-2 describe the projea; initidly it will take 24 days when the tasks are
executed in series. The obviousquestion arises: "Must | wait for 6 days beforel
can begin laying the gravel bed?* Obvioudy not.

The smplest first try would be to divide ditching and graveling into two
haves. Ditching #1 and #2 (threedays each) followed by Graveling #1 and #2
(four dayseach). Theoriginal 14-day total duration for these two is now reduced
to 7 days. Smilarly, the remaining taskscan be split. The original 24-day project

DAYS 16

03 7 1
TRENCHING#1  [X

TRENCHING #2 K,})oo

GRAVEL BED #1 XX

GRAVEL BED #2 000
PLACE PIPE #1 XX
PLACE PIPE #2
BACKFILL #1

BACKFILL #2 000

Figure 10-2 Task Splittingt he Pipe Project.
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can now be accomplishedin 16 days. The durationis not halved, partly because
the task durationsdo not match in length.

Other splittingstrategiesmight beconsideredinan attempt to saveafew more
days, possibly splittingtasksin thirds. Inan extremecase o splimng, transmission
pipelinesfor natural gas are laid in one continuous process across hundreds of
miles. Resourcesfor al tasksareassgned so that each task hasthe sameduration:
clearing, trenching, tube welding, and laying occur within sight of one another.
Repetitive processeslikethi sone can be planned in alike manner. Scrutiny of your
constructionproject may reveal sSimilar opportunities.

TASK-SPLITTING FOR THE 24-TASK WAREHOUSE

As isour regular practice when explaining new techniques, we will shorten the
basic schedule of only the construction tasks. For a rea application, you would
shorten the network after al the delays are included. The following discussion
appliesto the basic AON network of Figure 6-15.

For anintroductory example, congder the threetasksfor building the basicstruc-
ture of the warehouse: the three mgor ones (approximately 20 days each) are the
Foundations, Walls, and Roof (tasks#7, #9, and #10), asillustrated in Figure10-3.

If theFoundationwork could besplit, the block Wallscould bestarted sooner.
Thecompletefoundation jobisin two parts: 2 daysof excavationand 18 ddys to
build formsand pour and curethe concrete. Thelatter 18 dayscould be split into
two 9-day periods. Theblock work could then begin ninedaysearlier than before.

Naturally, you would want to begin building the roof structure when thefirst
part of the wall was completed. As long as the mortar had achieved adequate
strength by Day 46, the first steps in the roof work could begin, starting on the
morning o Day 47. The 19-day roof construction would then be completed on
Project Day 65, 20 days earlier, due soldy to the splitting of thetasks. The mortar
would besetintimeif the buildingwascompleted at oneendfirst, withthesdewals
"growing" at full height toward the other end. Safeworkingconditionswould have
to be maintained by the manager whenthedifferentcrewsworked near oneanother.

TASKS| 26 28 46 66 85
T T T o o
FNDN LAYOUT TOTAL "FOUNDATIONS' TASK
& EXCAVATE 2.+ 18 =[20 DAYS
FORMS +POUR Dooooo0000000000]

#9 | BLOCK WORK xx] I
#10 | ROOF STRUCTURE Pooooooooooooooooacq |

Figure 10-3 A Part of the Warehouse Project.
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Figure 104 Warehouse Project—Splitting Three Tasks.

The Gantt Chart in Figure 10—4 showsthesol ution. However, beforedeciding
that we haveshortened the whole project by 20 days, we must recal cul atethe new
timesfor al thetasksof theproject. Itiseasy tofall intothetrap of statingthat the
above project has been shortened by 20 days because the critical path has been
shortened by 20 days. In many situationsthiswill not be the case.

TASK SPLITTING ON A BUBBLE (AON) DIAGRAM

While Gantt Charts are ided for visualizing task splitting, it is better to ded
directly withthe AON network. The network iseasly modified by replacingeach
o the paired taskswith two "haf-tasks" linked into a small parallelogram. This
four-sidedpatterniseasy to remember, asshownin Figure10-5. Y ou might argue
that it is unnecessary to split Task “Q” because Q, must follow Q;; but it must
alsofollow P,, and both tasks must be split.

In the warehouseexample (Figure10-6), two groups of tasks on the critical

BEFORE AFTER

Figure 20-8 Bubble Patterns When Splitting Tasks.
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path have been split; Tasks#7, #9, and #10; and #11 and #12. Thefirst set saved
19days, whilethesecond saved 3 more. Thesemodificationsshortened the project
by 22 days. Comparethis AON network with Figure 6-15 and note thereduction
infloatsfor the non-critical tasks.

The modificationsare made more complicated when there are two parallel
critical paths; shortening one path will not shorten the project. Therefore both
paths must be shortened simultaneously by about the same amount. The path
shortened the least will still be critical and will determine the time saved. Split a
pair of tasksin each critical path by approximately the same amount. Then recal-
culatethe EST, LST, and the TF for all thetasksin the network beforeconsidering
the next splitting stage.

When sdlecting the pair of tasks for splitting ensure that therewill be no
conflict in any of the resources caused by the overlappingtask segments. When
your modificationsarecomplete, check to ensurethat thethreeruleshavenot been
violated. It might be necessary to construct a revised resource histogram.

CRASHING

The term crashing meansto speed up an activity by adding more resources over
and above the normal levels planned. For example, the " normal* level of man-
power planned for a task is based on the " standard™ crew selected for the task.
Tasks are " crashed" by increasing the crew-effort supplied to the job: that is, by
enlargingthesizedf the " normal™ crew.

The commonest resource to add is human effort, but the principle appliesto
any activeresource. Simply supplyingmoreconstruction materia swill not in itself
acceleratea task, but adding another completestandard crew will. " Effort” isthe
key word.

Thispilingon of resourcesisnot doneindiscriminately or irrationally: not all
tasks are crashed. Tasks are crashed that minimize the added cost of doing the
crashing.

Beforelooking at the process, we must first consider the idea of a **normal**
crew and the penaltiesin cost and timeof using non-normal crews.

NORMAL CREWS AND NORMAL DURATIONS

Most companiesrecord the daily accomplishmentof a** normal’* crew workingon
a well-defined task. The output of crewsis continually monitored and compared
with planned progress so that when unfavorabledeviations from the plan arise
correctiveaction can be taken. But thereisa second reason for measuring actual
work accomplished: theinformationaddsto the basic statistical datafor planning
new projects. Recall that theduration of atask isestimated by makingthefollow-
ing simplecalculation:
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. (Amountof work to bedone by Crew " X")
Task Duration _
(days) (Daily capacity for thiswork by "' Crew X*')

For example, if astandard crew of bricklayerscan lay 450 concreteblocksper
day, then a Task that involved laying 5000 blockswould be expected to take 11
days. Thecalculationis quitesimpleoncethe crew has been selected and its pro-
ductivity is known. If you have no personal experienceto draw upon, refer to
published material s(Means, Dodge, and similar guides), which offer helpful infor-
mation to start with. Crashing, however, requiresfurther informationthat isprob-
ably available only from experiencedforemenin particular trades. What we need
to know is the reduction in worker output when the crew sizeis changed.

PRODUCTIVITY (Output per Worker per Day)

We have just seen that the initial duration is estimated from the QUANTITY of
work to bedoneand theDAILY OUTPUT of theassignedcrew. The most effective
crew will besdectedfor the job; that is, theaveragedaily output for each member
of thecrew will belarger thanfor any other combinationof workers. If therewere
amore effectivecrew, it would become the "' standard™ crew.

The AverageProductivity _ Daily Output of the Crew
of Each Crew Member Szeof the Crew

Becausethiscrew isthe most efficient group of workersfor thisjob, any other
sizedf crew will changetheefficiencydf thecrew and the productivity per manwill
be smaller than for the optimum (best)crew. Thetotal output for thelarger crew
will increasebut theoutput per worker will decrease. For example, assumethat the
best masonry crew hasthreeworkersand that it can lay 450 blocks/day (150/day
per worker). Adding one more mason might increasethe crew's output to 550/day
but the output per worker would be reduced to 138/day (550 + 4). One more
mason would increasethe rate of laying blocks but the laborer could not deliver
blocksfast enough and the masonswould not be fully employed.

The three-worker crew was considered the "best" crew becauseit could lay
more bricks per worker than any other combination of workers and thus could
accomplishthework with minimum labor cost. If wecould find another combina-
tion where the output per worker actualy increased, then this new crew would
become the *norma™ crew! In some companies, the individua crew members
have worked together on severa jobsand performwell together, which indicates
that personalitiescan also affect output.

These concepts apply to other resources (for example, a crane). For a small
site, adding a second crane could complicate the work site and reduce the daily
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Flgure 10-7 Optimum and Off-optimum Crew Sizes.
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output for each crane, just asadding one member to the normal crew could reduce
the daily output per worker.

Figure 10—7 illustrates this effect. The straight line predicts the theoretical
output of a crew--doublethe sze of the crew and the output is doubled. This
might be true for a group of gravediggerswho are each digging a grave, but it
would not be true for a crew that requires a close-knit working arrangement
amongits members.

The dotted line shows redlistic effects-A crew of 3 are expected to lay 450
blocksper day (150per man) but if onemanisremoved, theremainingtwo canlay
only 250/day (125/man) not the 300 "expected.” Smilarly, by adding a fourth
man to the crew, the working relationshipsare disturbed and their individua
productivity might fall to 138 (550 + 4). As overcrowding and competition for
equipment increases, an individua worker's productivity fallseven more, asindi-
cated on thegraph. These numbersare used only to represent the principleand the
effectsof changing the sizeof the most efficient " normal” crew.

It must be emphasized that deviationsfrom the normal crew depend on how
the increase in manpower is achieved. Placing two crews together in the same
crowded workspace could essily become counterproductive, whereas assigning
each crew to two independent | ocationsmight only dightly affect their productiv-
ity values. (Competitionfor common equipment and materials might still occur
unless the overlap were provided for by the planner.)

VARIABLEDIRECT COSTS

The previous " data" was presented to illustrate the effect on the direct cost of a
task if different-sizedcrewswere used. Thetable of vauesin Figure 10-8 isde-
rived from the set of productivity data (above). The task isto lay 7000 concrete
blocksand find the variation in cost using different-sizedcrews.

The calculationsare made as follows. We take the daily cost to be $200 per
man per day. The"'Best" crew of 3 menlays450/day and takes15.6 daysto dothe
job (7000 blocks+ 450 blocks per day = 15.6 days). Thedirect cost of laying 7000
blocksthereforeis15.6 daysx 3 workersx $200/day = $9,360 and the amount of
EFFORT required is 46.8 man-days.

Theother resultsligted in the table are rel ated to the same calcul ation. Asthe
cost of laying the 7000 blocks increases as the sze of the crew increases, we
calculate two items the number of days saved and the increase in cost over the
referencecrew.

Referring to the table (Figure10-8), we seethat

1 When one worker isadded to the three-mancrew, 2.9 daysare saved (a
reductionfrom 15.6 to 12.7 days), but costsincrease by $800 ($10,160-
$9,360). The daily cost penalty is$276 ($800+ 2.9).
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CREW DAILY TASK AVERAGE PENALTY
SIZE OUTPUT | DURN NO. OF TOTAL PER DAY SAVED
(men) | (#blocks) | (days) | MAN-DAYS | COST ($) ($/day saved)

(a) (b) (c) (d) (e) U]
1 75 93 93 $18,600
$142

2 250 28 . 56 11,200

148
3 450 156 468 . 9360 ‘Best' Crew

276
4 550 127 50.8 10.160

300
5 650 10.8 54 10,800

501
6 690 101 60.6 12,120

715
7 725 9.7 679 13,580

Average $ Penalty per Day Saved relative to the “Best” Crew. A term in Column “f" is
found by: “” = (“e” = 9360) / (“c” — 15.6)

Flgure 20-8 Cost Penalties for Off-optimum Crew Sizes.

2 When two workersare added to the basic crew, 4.8 daysare saved, the
cost risesfrom $9,360 to $10,800, and the cost pendlty per day saved is
$300.

3 When three workersare added (doublingthe crew), 5.5 days are saved,
the costsincreasefrom $9,360 to $12,120, and the cost penalty per day
saved is$501.

The graph in Figure 10-9 shows that the cost penalty for each day saved is
smply thechangein cost divided by the number of dayssaved. Thisexamplemay
appear somewhat academicin nature but it illustratesthe concept that crashingto
save time costs extra money. Reducingthe szedf a crew is meaninglessfor this
application because our objectiveisto shorten a task by adding more resources,
not reducing them.

In practice, crashing different tasks incurs different cost penaties, and an
estimate of the relative pendties is central to evaluating the merits of different
crashing scenarios. Theexamplesgiven here assumecertain pendties; in practice,
experienced people provide invauable input about the potential effectsof actual
crashing approaches.
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Figure 109  Graph of the Direct Cost Penalty.
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TOTAL PROJECT COSTS

The above calculations show that any change from the ""Best" crew will incur
additiona expense. Sowhy should wedoit?Crashinginvolvesatrade-off between
direct and indirect costsand, in many situations, moderatecrashingcan reducethe
total cost of the project.

Thetotal cost of a project is made up of the Direct Costs (Materials, Labor,
and so forth) plus Overhead/Burden (interest on loans, lease charges, building
rental, office costs, and the like). Many of these costs are directly related to the
duration of the project. If the above job was being financed by a loan of
$1,000,000 at 9%, interest costsare approximately $250 per day and if overhead
costsare $150/day, shortening the project by one day would savea total of $400
in overhead cost.

Thus, we can save money by spending more on resources that shorten the
project. In the above example, if weadd one man to the three-man crew, we save
2.9 daysand increase the costs by $800, but we save $1,450 on overhead. On a
daily basis, the cost penalty is $276/day but the saving is$500, for a net improve-
ment of $224 for every day saved.

In the example (Figurel0-9) a penalty of $300 is a defensibleaverage value
for saving severd days. Whileit isan average vaue, it issatisfactory for compari-
son with the penaltiesof other tasks: $300 identifiesa much cheaper penalty than
does $800; but there is little choice between $300 and $350. We estimate these
valuesso that wecan select thetask with theleast penalty, evenif wearenot overly
confident about the exact values.

Obvioudly, no task can be crashed beyond some minimum duration that is
based on the physical constraints of the job and thesite, irrespectiveof how much
or how many resourcesaresupplied. If aditch must bedug by hand, you cannot fit
laborers with picks and shovels any closer than about five feet apart because of
saf ety considerations. For further shortening of the duration, other methods must
be proposed. No task can be completed in zero duration; each task will have its
own absol ute minimum duration.

TWO OBJECTIVES WHEN CRASHING

It has been shown that total direct costsriseasatask iscrashed, but that thetotal
fixed costsfall asdaysare saved. However, asthe schedule " tightensup” because
of continued crashing, thecost penatieswill increasefaster than the savingsin the
fixed costs. The exampleplotted in Figure 10-10 shows how the direct and over-
head costs change as successive days are saved during a crashing calcul ation.
Note on the graph that the net change in the cost of the project gently de-
creases and then starts to rise quite dramatically as days are saved. There is a
minimum point at the bottom of the curve. This minimum project cost is reached
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NET INCREASE \
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INCREASES ». » . DUETO CRASHING
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1 0 8 6 4 2 0
65 60 65

PROJECT DURATION ———>

Flgure 10-10 Typical Form of Savings and Penalties as a Project Is Shortened.
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when the added pendlty for shortening a particular task is equal to the added
saving; any savingis just canceled out by the pendlty.

Thecrashingcan becontinued past thispoint until every task onacritica path
has reached its minimum duration and thereforethe project has reached itsabso-
lute minimum duration. At thispoint, thetotal cost penaltieswill havemost likely
exceeded the total savings and the total cost of the project will exceed the pre-
crashingcost. The buildingof the AlaskaHighway through Canadato Alaskawas
a “max crash™ project in which 1000 milesof highway was built in 14 monthsin
1942-1943. Apparently limitlessresourcesand 24-hour work days were commit-
ted to thisproject deemed vital to national defense.

ZONES ONM E CRASHING GRAPH

Therearetwo zonesto look for onthegraph asyou shorten the project by oneday
atatime:

First Zone: The amount saved per day exceeds the penaltiesincurred from
shortening the task(s) by one day.

Second Zone: The penaltiesfor each day saved now exceed the daily saving.
The crashing process ends when all the tasks on the critical path have attained
their minimum durations.

The minimum total cost of the project occursfor the project duration at the
end of Zone 1 and theminimum duration of the project occursat theend of Zone
2. Thus Crashingcan usualy proceed toward two objectives:

1. MinimumTotal Cost of the Project, thento
2 Minimum Duration of the Project.

Where penaltiesare very high, there may be no minimum cost condition.

M E TECHNIQUE FOR CRASHING

Particular data isreguired before embarkingon a Crashing analysisof a project

1 A starting network, showingitscritical path based ontheinitial durations
of eachtask. TheTotal Float of every task inthe project must berecorded.
The nominal and minimum durations for every task.

A cost penalty for shorteningatask by one day.

Thedaily value of thefixed costsfor the project.

AN

Steps in the Analysls

1 List the basicdata on a Crash Sheet (Figure10—-12).
2 ldentify thecritical tasksand their critical path.
3 ldentify thecritical task having the smallest penalty.
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4. Reduceitsduration by ONE DAY and calculateits revised duration.

5 Reduce ALL ALOATShy oneday, notingthat zeroisthe minimumvalue
for any float: that is, (Zero—1)= Zero. Thereisan exception: when more
pathsthan one meet at the crashed task, the floatsin those paths do not
change. Study these casesin detail before blindly reducingfloat vaues.

6. Identify al critical paths (newoneswill be created).

7. Repeat Step2and onward, but if thereis morethan onecritical path, then
oneday must besaved from EACH CRITICAL PATH inorder to reduce
the project's duration by oneday. Thustherewill beacost penalty devel-
oped from each path in order to save only one day's overhead cost!

8 Determine the cost penalty and fixed cost saved by each cydle of the
process (thatis, for saving one more day).

9. Determine the project's total cost after any cycle by subtracting the net
savingfromthepreviousday's total cost. Itisusualy adequateto consider
only the savings, not the total project cost.

10. Continuethe process severd cydespast the Minimum Project Cost stage
to ensure that penalties are continuing to outpace the savings derived
from the fixed cogts. If Minimum DURATION is required, continue the
processuntil oned thecritical pathscannot be shortened further; that is,
when al itstasks have been crashed to their minimum duration.

General Comments About the Crashing Process

Monitor the pendlty at each stage; it should never besmaller than for the previous
step. When thishappens, you havemadean error in selectingtheappropriatetasks
to be crashed.

Mark arevised duration that has reached its minimumvalueto warn you not
to crashit further in alater crashingcyde.

A DETAILED EXAMPLE
THE OBJECTIVE ISTO:

Find the duration of the MINIMUM COST schedule.

Find thedurationfor the MINIMUM DURATION schedule.
Quote the cost saving (or penalty) for each case.

Graph the incremental changein cost asthe daysare saved.
Graph the Total Saving (or Penalty) asthe daysare saved.

ST EP 1. Thedatafor theexampleproject hasbeenrecorded in Figure10-11:
the AON Network, theinitial and minimum durations, floats, and
thedaily cost penalty for eachtask. Somed thisdataappearsonthe
spreadsheet (Figure10-12) asthe starting conditionsfor crashing.

TAWNR



178 CHAPTER 10 — REDUCING M E DURATION CF A PROJECT

TASK

TASK DURATIONS

NAME PRECEDERS MINIMUM NOMINAL PEIIBXJY

A START
B START
C START
D A

E B

F CDE

6 9 $20
5 8 25

10 15 30
3 5 10 DURATION
6 10 15 20 DAYS
1 2 40

Figure 10-11 Data for the Detailed Example: Initial Project Cost is $1000.

STEP2

STEP3

STEP 4.

STEPS.

STEPG6.
STEP7.

STEPS8.

STEPO.

The Critical tasksin the basic network are B, E, and F. Wewill refer
toany Critical Path by itscritica tasks, inthiscase: “START-B-E-F-
END."

Among tasks B($25), E($15), and F($40) the critical task with the
smallest pendty isTask E

The duration of Task E isnow " crashed" by one day, reducing its
duration from10t0 9. It can be done becauseits absol ute minimum
duration is 6 days.

Reducethe Floatsof thetasks by oneday. Thefloatsof A, C, and D
arereduced to 3, 2, and 3 days, respectively. Thecritical tasks (B, E,
and F) remain critical (with zerofloat).

The Critical Path has not been changed after one cycle of crashing.

Returningto Step 2, we notethat thesituation has not changed and
so theaboveaction can beexactly repeated twicemore, reducingthe
durationof Efrom9to8to 7, and all non-critical floatsare reduced
by two moredayseach. Notethat thefloat of C has becomezero by
thisthird crashingof E, producinga second critical path: “START-
C-FEND." For Cycle 4, each o the two critical paths must be
shortened by one day. Sdect the cheapest penalty from each path
and their sum is the penalty for cutting one day from the project.
However, ook for atask that iscommonto both pathsand compare
its penalty with the penalty from the two tasks. Study task “F.”

Cost Pendties: Each timeE isshortened by one day, a Cost Penalty
of $15 isincurred but $40 in Fixed Costsissaved, producing a net
saving of $25 for each day cut. These amounts are entered in the
appropriate spacesat the bottom of the form.

Revisethetotal cost of the project after each crashingcycle by sub-
tracting the net savingfrom the project cost of the previouscycle. In
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TASK
NO.

COST
PENALT.

DURATION
NORM. MIN.

F| cycLE1 CYCLE2 CYCLE3 CYCLE4 | cYCLE5 | cCYCLES CYCLE? CYCLES
ol DAYS pDAYS| p| |pAYs|p| [pAYs|p| [pavs DAYS DAYS| p| |DAYS
# cut | 8|ve| cut | B|7e| cut | R|te| cut | B|TE| cut | @|Te| cut | 8|t cut | Rt cut | B |TE

Flgure 10-12 The Spreadsheet for Crashing.
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the example, the revised project cost after three crashing cycles
would be $925 ($1000- $75).

Contlnue for Three More Cycles

Cycle4 crashesFtoits minimum duration and is so marked.

After Cycle6, al three paths becomecritical and the ** cheapest™ task in each
path must now be crashed in order to cut oneday from the project.

After Cycdle8, path B-E-Fcannot be shortened further and evenif tasksA and
C were crashed, the project would not be shortened; the project has been short-
ened by 8 daysto its minimum duration of 12 days.

Presentatlon of the Results

The data from the worksheet (Figure 10-12) must be smplified for reporting
purposes. A table or a graph condenses the results. Figure 10-13 tabulatesthis
data but when graphed (Figure10-14), the results are more striking and empha-
Szeimportant aspectsd crashingthis project.

UslIng Graphs of the Results

Graphing numerica results during the calculation can help grestly in getting a
"fed" for the progressaf sequential and repetitivecal culations. " Crashing™ calcu-
lationsareof thistype, producinga progressondf two interestingnumbers: incre-
mental cost pendty (dueto crashing one more day) and the total cost reduction

| INCREMENTAL SAVING | INCREMENTAL | TOTAL TOTAL

DAYS | COST | IN | CHANGE CHANGE COSTOF
SAVED | PENALTY | OVERHEAD IN COST INCOST PROJECT |
0 0 0 0 0 $1000
1 +15 -40 -25 -25 975
2 +15 -40 -25 -50 950
3 +15 -40 -25 -75 925
4 +40 -40 0 -75 925
5 +45 -40 +5 -70 930
6 +55 40 +15 -55 945
7 +65 40 +25 -30 970
8 +65 -40 +25 +5 1005

Flgure 10-13 Tabulated Results of Crashed Costs.
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$300+  CRASHING THE .
EXAMPLE PROJECT \
PENALTIES & COSTS \
$2007  (DATAFROMFIGS. \,
10-12AND 10-13) \  TOTALPENALTES
\
MIN. PROJECT DURATION: \
$100+4 12 DAYS .
(8 DAYS SAVED \,
BY CRASHING) \
< DAYS SAVED —>——
& . ——— %
5 10 % 15 #0 PROJECT
PN 7/ DURATION
NET SAVINGS : (DAYS)
~$100+ MIN. PROJ. COST DURATION
17 DAYS (3DAYS SAVED
BY CRASHING) /
42001 Ve
/ TOTAL SAVINGS
/ ($40/DAY)

Flgure 10-14 Variation of Costs by Crashing.

achieved after each step of thecrashing. Theseresultsare useful to review, first as
a sequenceof numerica valuesand then on a graph.

Figure 10-14 shows how these values change as the project's duration is
reduced. Theminimum total costisreached whenthe daily savingin overhead cost
is balanced off by the increased direct costs: cutting four days saves $40 in over-
head but penaltiesfrominefficienciescost $40. In thisexample, the minimumtotal
project cost isthe samefor cutting 3and 4 days.

Maximum Crashing reducesthe project's duration by 8 days, increasestotal
project cost by $35, and causesall tasksto becritical,withal tasksbut twoat their
shortest duration—a difficult projectto manage but not impossibletoachieve. The
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project cannot be shortened further when all taskson thecritical path areat their
minimum attai nabl e durations.

CRASHING THE 24-TASK WAREHOUSE PROJECT

A tableof datafor crashing the24-task warehouseproject isprovidedin Figure 10—
15. The cost pendtiesfor the tasks have been assumed for thisexample, but with
attention to their relative sizes. Likewise, their minimum durations are estimated
relativeto the normal durations, with a view to activity levesshort of heroic. The
first few crashing cydes have been calculated as a base for a later exercise. In this
example, theoverhead costsareestimated to beapproximatel y$500 per day, so that
for each day the project is shortened, $500 is saved. Study thelast few lines of the
spreadsheet to see the daily costs and the accumulated savings. See Figures 10- 15
and 10- 16.
Y ou may wish to think of other ways these tasks could be accelerated.

1 The SoilsSurvey could usean extra borer to obtain soil samples.

2 A second piledriver isexpensive, but piledrivinggoessowly and would
be accelerated by a second driver.

3. The Masonry wall construction could be built simultaneously from both
endsif an extra crew were used. Therewould be some confusion whenthe
two met near themiddle, soit isunlikely that theduration would be halved.

4. TheRoof Construction could absorb more workersfor decking, insulat-
ing, and weather-proofing whenever there is room for the additional
peopleto work.

5. Landscaping is labor-intensive, so adding more laborers would shorten
the job.

We have assumed that sometaskscannot beaccel eratedand theref ore cannot
contribute to shortening the project.

SUMMARY

Two methods have been presented to show how a project can be shortened: Task
Splittingand Crashing. Thefirst method isthe more obviousoneto use. Crashing
isdoneasa last resort becauseit is morecomplicatedto organizeand can directly
add tothecost of the project. Task Splittingisrelatively easy toorganize, butitcan
be doneto extremedetail if it isnot governed by aclear overview that weighsthe
gainsin timeagainst the confusion that can result on the job-site.



STARTING VALUES D 18T CYCLE 2ND CYCLE 3RD CYCLE 4THCYCLE 5THCYCLE
TASK PENALTY TASK DURN START|R|DAYS NEW NEW|DAYS NEW NEW|DAYS NEW NEW| DAYS NEW NEW|DAYS NEW NEW
NO. PERDAY$ START MIN. FLOAT| 1| CUT DUR TF | CUT DUR TF | CUT DUR TF | CUT DUR TF | CUT DUR TF
1 250 2 1 0 2 -1 T 0 T 0 1 0 T 0 1* 0
2 800 4 3 0 1 4 0 4 0 4 0 4 0 4 0
3 —_ 2 2 0 2 0 2 0 2 0 2* 0 2 0
4 260 6 5 0 3 6 0 -1 5* 0 5* 0 5 0 5 0
5 1100 8 6 68 |13 8 67 8 66 8 65 8 64 8 63
6 1100 12 10 0 |13 12 0 12 0 12 0 12 0 12 0
7 600 20 19 0 9 20 0 20 0 20 0 -1 19 0 -1 18 0
8 400 7 5 52 7 7 51 7 50 7 49 7 48 7 a7
9 800 20 19 o N 20 0 20 0 20 0 20 0 20 0
10 950 19 18 0 |12 19 0 19 0 19 0 19 0 19 0
1 300 6 4 0 5 6 0 6 0 6 0 -1 5 0 -1 4 ' 0
12 450 7 6 0 8 7 0 7 0 7 0 7 0 7 0
13 - 5 5 0 5 0 5 0 5* 0 5 0 5 0
14 200 5 4 8 1 5 7 5 6 5 5 5 4 5 3
15 —_ 5* 5 13 5" 12 5 11 § 10 5* 9 5 8
16 750 8 6 5 |10 8 4 8 3 8 2 8 1 8 0
17 —_ 4 4 5 4" 4 4 3 4 2 4" 1 4 0
18 280 4 3 9 4 4 8 4 7 4 6 4 5 4 4
19 1600 17 15 70 |14 17 69 17 68 17 67 17 66 17 65
20 —_ 3* 3 71 3e 70 3 69 3 68 3 67 3 66
21 350 6 4 70 6 6 69 6 68 6 67 6 66 6 65
22 —_ 1e 1 5 1e 4 1 3 T 2 1* 1 1 0
23 200 7 6 71 1 7 70 7 69 7 68 7 67 7 66
24 280 5 4 0 4 5 0 5 0 -1 4* 0 4 0 4* 0
OVERHEADBURDEN IS $500 PER DAY
PENALTY FOR THIS CYCLE $250 260 280 300 300
SAVING FOR THIS CYCLE $500 500 500 500 500
NET SAVING (OR COST) $250 240 220 200 200
ACCUMULATEDCHANGEIN TOTAL COST $250 490 710 910 1110

Figure 10-15 Spreadsheet for Crashingthe Warehouse Project.
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“* INDICATES THIS RELATIVE PRIORITY FOR
TASK CANNOTBE ~— M _¥  CRASHING; WHEN X-ED ~
CRASHED OUT, TASK IS AT MIN. 15
DURATION:
LEGEND AR —Lo)
AN AN

Figure 10-16 AONNetwork for Warehouse.

EXERCISES AND PROBLEMS

1 Usdngthe AON network for the Warehouse project (Figure 10-6), split
tasks 6, 7, 9, and 10 into 3 subtasks each and recalculatethe times and
floatsfor the project.

2 Modify the network of Figure 10-6 by adding two dummy tasks before
and after Task 19, Road Building. Lagthestart of Task 19 by 35daysand
lead its ending with a 15-day dummy task, as discussed in Chapter 7.
Recdl culate the modified network and consider the result. Explain how
you would ater the schedule.

3 UsngFigures10-15 and 10-16, continue the crashing of the warehouse
project to determine the duration for minimum cost and the minimum
duration (full-crashcondition) of the project. Draw graphs to illustrate
the results as the crashing evolves. [dentify the key partsdf the graph.



CHAPTER

LEARNING OBJECTIVES
After completingthischapter, you should be ableto:

Appreciatetheimplicationsof UNCERTAI NTY.

= Understand some basic conceptsof STATISTICS

Calculate expected durationand Standard Deviation (SD) of asingle task.

m Determine the duration and SD of any path through the network of a
project.

m Determine the probability of completing a project at a stated duration
earlier or later than the expected time.

PREPARATION FOR THIS CHAPTER

Thischapter may seem likea diversonfrom theflow of ideasand techniquesthat
evolvedthrough theearlier chapters. Consider it to bearefinementof Chapter 5 and
thedurationdf activities. ThePERT systemtraditionally usssthe AOA systemfor its
networks, so you should fed comfortablewith arrow diagrams and the associated
calculations. The concepts of statisticsrequireyou to think in termsof groups of
datarather thanindividua piecesof data. Afewformulasareintroducedrather than
provenwhich you should be able to apply without much difficulty.
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INTRODUCTION

Much of the work of the earlier chapters concentrated on the analysisof Bubble
Diagramsin which the durations were accepted astrue data. However, forecasts
of durationsare seldom redlized in real-world circumstances. Consider your fedl-
ings of uncertainty when you promise to complete an important job in a very
specifictime. Thischapter investigatesa method of dealingwith the uncertainty of

estimatingtask durationsand of the useful resultsthat can be devel oped by accept-
ing the realitiesof not being sure. Y our goal isalwaysto develop redistic sched-
ules, but in this chapter you are urged to include uncertainty as a red-life
phenomenon when you are doing your planning.

UNCERTAINTY " Theonly thingscertain are Death and Taxes."

"Uncertainty" is the opposite condition of "certainty.” We have all met
people who are (or act) absolutely certain about things: dates, politics, ideas,
numbers,. .. " Certain™ means being 100 percent sure of some piece of informa-
tion. But in real life, ssldom is anything that certain, especially our estimates of
task durations. In our minds, we rate the uncertainty of our ideas according to
someform of grading system. We consider our friendsto be 99.99 percent loya
and trueto usbut weview a used-car dealer witha much lower degreecf certainty.

It would be useful to havea scheduling method that acceptsthe uncertainty of
each estimated task duration and producesthe degreeof uncertainty of the dura-
tion of thewhole project. Fortunately, such an application hasexisted for almost
30 years, it is caled PERT, the acronym for Program Evaluation and Review
Technique. The system was developed as a management tool for reporting and
coordinating theeffortsof many sub-contractorson the Polaris missleand subma-
rine project during the 1960s. Since then, many computerized variations have
becomeavailablecommercidly,.and proprietary scheduling programsincludeap-
plicationsaf probability imbedded in them. Thereare differingopinionsabout the
valueof PERT for construction applications, but itsconceptsare introduced here
to help readersdecidefor themselves.

Many builderswant a scheduleonly to guidetheir activities, they consider the
scheduleas a chalengeto be met, and beaten. Thisaggressive mood is necessary
for a competitive contractor, but refinements like PERT can identify areas of
potential trouble (having high degrees of uncertainty) that can be given specia
attention beforecrisisconditionsarise. Work areas with excellent chancesof suc-
cessrequirelessof the manager's timeand attention.

Toobtain a rudimentary appreciation of the termsand basic applications of
PERT, we must study the basic concepts of statistics. The following few pages
attempt to define the basicideas of statistics without obscuring them with too
much "math."” The concepts are important to gaining an appreciation of how
PERT works.
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SOME BASIC CONCEPTS OF STATISTICS

Statisticsdealswith*POPULATIONS" of thingsmorethan just with largegroups
of people. Ingeneral, any largegroup of related itemsconstitutesa ** population™
for statistical purposes. 10,000 bolts, a forest of fir trees, the leaveson a maple
tree, al thestudentsin a college, the brickson thewalls, and the marblesin a bag.
Aspectsof populations can be measured (likethe daily variationsin your travel
time) and the group of all such measurementscan be described usingafew "' statis-
tical terms.”

Think about somethingyou do repetitively, likedrivingfrom hometowork or
toschool. You are used to leaving at the sametime every day, but you arrive there
at different times. You are used to an average travel time and you quote it to
others. If you wrote down these durations for a whole year, you would have
collected 200 or so numbersthat could be used for a statistical analysis.

If someonewarted to know moreabout your travel experience, you could say
that your average travel time was 35 minutes and that over 68 percent of your
recorded timeswere within 7 minutesof that average, that is, between 28 and 42
minutes. The number 7 describes the "spread™ o your collection of data. A
friend's travel routemay bethrough quitevariabletrafficconditions, witha result-
ing higher averagetravel timeadf 50 minutesand a wider " spread' of 20 minutes
(between39 and 70 minutes). Now, if youand your friend estimate how |ong your
tripswould take tomorrow, your estimatewould be considered more certain than
hers becauseof the narrower spread.

We can display the measured travel timesfor each person on separate graphs
so that we can compare them; we can "see” the average valuesand decide which
one hasthelarger averagedeviation. Figure11-1 showstwo graphstypical of the
two commuters. Such graphsarecalled Frequency Dismbutions becausewe graph
the number of occurrences (afrequency)of a specific travel time. For your collec-
tion of 200 trips, you might have taken 38 minuteson 17 occasions: 17 is the
frequency of occurrenceof 38-minutetrips. Notethat your frequency distribution
isnarrower thanyour friend's: theaveragewidth of thesedistributionsiscalledthe
Standard Deviation (SD).

STATISTICS AND CONSTRUCTION

Recdll that when we estimated the duration of a particular task, we used a** best*
value (from published data) and confidently used it for our own application. The
published data usualy does not includea measured the spread (SD)df the mea-
sured values. For example, if 500 bricks/day isthe average productivity of a ma-
sonry crew in North America, we do not know whether all the individual
measurementswere between 450 and 550/day or between 300 and 700/day. This
"spread” would be useful to know. The bigger the "spread,” the lower is our
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MY
AVERAGE:
NUMBER OF 35 MIN.
OCCURRENCES
AT EACHTIME ¥
INTERVAL.
200'DOTS ONE AVERAGE 'SPREAD'
FOR EACHTRIP.

TRAVEL TIME — MINUTES

MY FRIEND'S EXPERIENCE: ON
8 INSTANCESTHE TRAVEL TIME WAS
BETWEEN 43 AND 45 MINUTES

Fligure 11-1 The Basis for Frequency Distribution Graphs.

confidence in usng the data. The Standard Deviation of the basic data would
providea measure of this" spread.”

Statistical Terms

Common statistical termsareintroduced viaan analysisaf theconstructionof the
Suez Canal in the nineteenthcentury.

We have made someassumptionsabout the history of that project: 104 build-
erswere each given a contract to build simultaneously one mile of thecanal, each
wasgiven 10 yearstocompletetheir one-milesection. After completion, thequick-
est contractor finished in 86 years while the dowest took 11.2 years, with the
remaining 102 contractorssomewherein between these extremes.

Wearranged these104 durationsin increasingorder and counted the number
of durationsin each 0.2-year period. Thislist of number of occurrences was the
basisfor drawingafrequency distribution of the104 durations. Also, fromthelist
of 104 durations, wecalculated two numbersthat describe those resultsin statis-
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tical terms. the mean (average)and the Standard Deviation, the average amount
the 104 durations deviated from the mean.

The Addendumat theend of thischapter explainshow thesecal culationsare
made and you should becomefamiliar with the significance df these calculations
and thetwostatistical numbersthat result. Astheexplanationfor PERT usesthese
terms, becomefamiliar with them before proceeding. The Suez exampleillustrates
the uncertainty of estimatesand the useful toolsof statistics.

A PROJECT'S PERT NETWORK

Traditionally, PERT usesthearrow diagramfor itsparticular analyses, but com-
puter programs may use (or appear to use) both AON and AOA types. Weshall
use Arrow diagramsfor our manual cal culations becausethey provide more space
(alongthetask arrows) for recording data.

Three Time Estimates for PERT

Now that you have an understandingof the statistical background, we can apply
it to the warehouse project. PERT requires three time estimates to incorporate
statistical aspectsinto a schedule. As single time estimates have an unconscious
timecushion builtin by acontractor, threeestimatesshould havesmaller cushions
because a range of durations allow for uncertainty in the estimates. The three
estimates(a, m, and b) will bein responseto thefollowingquestions:

a "Whatistheshortest duration for thistask, wheneverythingisperfect for
your work?"

m: ""How longdo you think it will really take?"

b: "If most of your worries materiaize, how long will the task take under
those conditions?"

A sub-contractor or journeymanmaking these estimatesshoul d be satisfied if
the job iscompleted by duration m, the most likely duration, even though thereis
only a 50 percent chance that it will be achieved. The duration, m, should be
shorter than the single (cushioned)estimate made by the journeyman.

Time Calculations

Thetimecal culationsfor aPERT network arethesameasthose made using single-
estimatedurations. Early Start, Early Finish, LS and LF are madethesameway as
before. The difference now isthat the duration of each task ist,, and every task
now hasa Standard Deviation, a measuredf the uncertainty of itsexpected dura-
tion, t; t.=1/6 . (a+t4m+b)andSD = 1/6 - (b—a).

We can calculatethe Sack at each event or milestone, the total floats of all
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tasks, and identify the critical path just as before. However, we can now learn
more about our project. Using the Standard Deviation of each task along the
critical path, we can calculatethe SD of the duration of the project. Thiscan help
us estimate the chance of finishing the project a few daysearlier or later than the
indicated value, whichisvery useful for discussionswith theowner. Moreover, we
can obtain the SD of other, nearly non-critical paths to identify any dangersthat
might change them to critical.

The SD of the project duration is readily calculated by squaring the SD’s of
each of thesetasksalong thecritical path, findingtheaverageof their squares, and
then takingthesquareroot of thisaverage. Thisiscommonly known astheROOT
MEAN SQUARE (RMS)vdue. Consider the following example:

If thetasksonashortcritical path through a project have SD’sof 2.5, 1.0, 3.1,
and 5.0 days, the sum of their squares is 41.86; its average is 41.86 + 4 =
10.46; and the square root is 3.2 days. Thisisthe SD of thecritical path.

AN EXAMPLE PROJECT

A simple network was studied as an AON diagram in Chapter 5. We will re-use
this network for a PERT example by assumingvaluesfor a, m, and b (that are
reasonably consistent with the single duration used before), calculate the new
durations(t.), and usethemfor the time cal cul ations. The bubblediagram and the
table of valuesare shown in Figure11-2.

The critical tasks are A, C, D, F, and G, all of which are marked with an
asterisk (*).

An option for calculatingthe D of each pathisto tabulate the square of the
SD’s of each pathinitsown column. TheSD of each path isthe square root of the
total inthelast row for each column. Note: "Variance" isoften used by mathema-
ticiansinstead of "'theSquareof theSD." Statisticiansliketoinvent new namesfor
long familiar names!

USING STATISTICAL THEORY

We studied the Suez Canal Project to explain some of the concepts of statistics.
The frequency distribution and " S-Curves” (Cumul ative Probability graphs) de-
scribed that specific project. In order to study other projects, we need general
graphs that have universal application. Statisticians have developed standard
shapesfor these curves based on the mathematical formulafor the Standard Nor-
mal Distribution. The standard " S-Curve™ based on this theory is included in
Figure11-3. A longdiscourseon thesubjectisnot necessary here becausethereare
many good textsthat giveextensiveexplanations. (See, for example, Anderson et
d., Quantitative Methodsfor Business, West Publishing, San Francisco.)



TASK IDENT

| ACA | AON
1,2 A*
2,3 B
2,4 C*
4,6 D*
3,5 E
6,7 F*
7.8 G*
57 (DUMMY)
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a ‘ m b
2 3 4
2 3 8
3 4 5
2 6 7
3 5 17
1 2 5
213 ! 8
Variance of each

SD of each Path

te SD
30 .33
37 100
40 33
55 .83
6.7 233
23 67
37 ! 100
Path (SD2) ...

Figure 11- 2 Details of the Example Project.

Flgure 11-3

The Normal Probability Distribution and Its Cumulative Probability.
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I (SD)?
| PATH1 | PATH2
011 011
1.0
011
069
543
044
10 1.0
235 754
153 275
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PROBABILITY OF FINISHING EARLY OR LATE

The Standard Deviationof the Critical Path and the Cumulative Probability curve
can help us forecast our chance for finishing earlier or later than the expected
duration of theproject. Thestandard Cumul ativeProbability graph can beapplied
to any project with aknown SD. Only three stepsare needed:

1. Determinethe deviation of your target duration from the project's ex-
pected duration: D = (T~ T.).

2 Convert thisdeviation into the number of SD’s: Z = D + (SD).Z ismea
sured from the center of theS-Cwe, plusisto theright, and negativeto
theleft of theitscenterline.

3 Read the probability from the cumulative probability graph, the “S-
Curve

For the Example Project

Consider the Critical Path first: The expected duration of the project is18.5 days
and the SD of the Critical Pathis1.53 days(lastrow of thetable). Statistical theory
tells us that t, durations have a 50 percent chance of being realized; this also
appliesto the length of any path through the network, when t.’s are used. There-
fore, thereisa 50 percentchancedf the project beingfinishedin the Expected Time
of 18.5 days.

Referringto the CumulativeProbability graph (Figurell-3), if wewanted to
complete the project one D (1.53 days) sooner than the expected duration (18.5
- 1.53 = 17.0 days), there isonly a 16 percent chanceof doing it. Alternatively,
thereisan 84 percent chanceof finishingin 20.0 days, one D later than18.5 days.

Limits to the Duration of the Project

Consider the upper and lower limits of the project's duration: If the optimistic
durations ("a" durations) for al the tasks were achieved, the project duration
would be10days, but thereiszerochanceof doingthe project any faster. Alterna-
tively, if every task took its pessimistictime (b), the duration of the project would
be 29 days. Under the rulesof PERT, the projectislimited to these two extreme
durations of 10 and 29 days. In the real world, Murphy's Law appliesand any-
thing can happen. Compare these project durations in Figure 11-4.

Now consider the Non-Critical Path: The duration and SD of the other path
(A,B, E G)arel7.1 and 2.8 days, respectively. Thispath hasa TF of only 1.4 days
(18.5-17.1) and adightly larger SD, indicatinga lower chance of success.

T o contrive a more extreme comparison, consider the effect on the project if
the second path had aSD of 5.0 daysand aTFof only 0.5 days; itisalmost critical.
The critical path hasa 50 percent chance of finishingin 18.5 days, and for the
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Figure 11-4 A Line Graph of the Project's Durations.

other path, 50 percentin 18.0 days. Thechancesof thesetwo pathsfinishingin20
daysraises a chalengingsituation:

For the CP. SD = 1.5 days. Itschancedf finishing 1.5 dayslateis 84 percent.

For the Other Path: D = 5.0 days. Itschancedf finishing2.0 dayslateisonly
66 percent.

In this more extreme case, there is lesschanceof the non-critical path being
completedin 20 daysthan for thecritical path. ThelargeSD could likely obliterate
thesmall float of theoff-critical path.

Thisanaysispointsout that thefloat in anon-critical path may beeffectively
obliterated by itslarge SD. The chancesare higher for thetaskson such a path to
have unpredictabledurations. A manager, knowing thissengtivity, can pay close
attention to thesemore uncertaintasksand be ready to act to kegp themon track.

DOCUMENTATION ON 'ARROW" NETWORKS

Because of its familiarity, we have used a Bubble Diagram for making the time
calculationsfor the aboveexample, but PERT typicaly usesthe Arrow diagram-
ming method. Chapters 3and 6 explainthe usedf Arrow Diagramsfor network-
ing and doing the calculations. We shdl expand on those studiesto include the
information for PERT. See Figure 11-5.
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Figure 11-5 PERT Notations on AQA Networks.

We will use the small exampleto display this information. The three time
estimatescan bewritten (a, m, b) aongthetask arrow; theMOST LIKELY TIME
and the SD appear on the other sideadf the line. In large networks, record only the
calculated duration and the SD for referencein calculatingthe ET and LT of the
eventsand comparing SD’s in paths. Recall that the "'tree” on each event is for
recording the Early and Late Times, and the Sack of each event.

SUMMARY

We haveinvestigated the effect of uncertainty in estimatingtask durationsand the
advantagesgained by incorporating the uncertaintiesinto theschedules. Wefound
that PERT can identify paths that have unpredictable natures that can disturb a
seemingly good schedule. Alert managerscan use PERT to identify these unstable
areasand then apply extra care in their management.
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EXERCISES AND PROBLEMS
1 Threetimeestimateshave beenobtainedfromasub-contractorfor building

theroadsand parkingfor thewarehouseproject (Task#19in the network).
Originally hewasconfident that 8 dayswas morethan adequate, but when
the task was scheduled into mid-summer and the manager asked for three

END

estimatesfor aPERT analysis, heresponded with: a=4, m = 7,and b = 13.

Find t, and the SD for Task #19, and consider whether the sub-contractor's

confidence hasimproved snce he madetheoriginal estimate.

The AOA network describesa construction project and thetable provides
thethree PERT timeestimatesfor itstasks. Theproblemistocalculatethe
expected duration and Standard Deviation of the 17 tasks, find the Early
and Late Timesfor the eventsand the duration of the project. Identify the
critical path and find itsstandard deviation. Alsofind the SD of theother
four main pathsthrough the network. Determinethe probability of com-
pletingthe Project two dayslate and the probability of completinga non-
critical path (theone having the lowest Slack) two days late. How many
days late must the CP be to be 90 percent sure of completion? Find the
absolutely shortest duration of this project based on the "a" durations
and identify itscritical path by namingitsevents.

AOA NETWORK:

TAK 1 2 3 456 7 8 9 10 11 12 13 14 15 16 17
a 21113331 72 9 3 6 6 6 2 1 4
m 3221446 2 9310 4 8 710 3 2 5
b 6 53 16 6 7 313 5 21 17 15§ 12 30 12 4 13
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ADDENDUM TO CHAPTER 11
STATISTICAL STUDY OF THE CONSTRUCTION OF THE SUEZ CANAL

Arealistic example helpsto introduce and definethefew formal termswe need to
understand PERT. In the 1860sit took just over 11 yearsto completethe project.
Imaginethat you researched therecordsfor diggingthe104-mile-longcanal and you
found that therewere104 contractors, eachd whichwonacontract to build aone-
milesegmentdf thecand. Theimaginary ' data”" ligedinthe Figure11A-1 givesthe
"actual™ durationsfor digging each one-mile segment by the 104 contractors.

To reduce the amount of datato be listed, we have already grouped the data
into small ranges (of 2/10ths of a year) and counted the number of contractor's
durationsthat fell withineach short period. For example, therewere5 contractors
who completed each of their 1-mile projects between 89 and 9.1 years—their
individua durationsmight have been 8.94, 9.0, 9.02, 9.05 and 9.09 years.

The numerica information just described is more conveniently displayed in
graphical form (aFREQUENCY DISTRIBUTION)becauseit displaysthe number
of occurrences of vaues lying within each narrow range over the extent of the
data. TheRANGEOf thedatais between 85 and 11.3 years(nodata existsoutside
thisrange) and each narrow band is0.2 yearswide. Tabulated data hasan officia
appearance, but agraph providesa "'fed" for the distributionfrom the shape of
thegraph. See Figure 11 A-2.

DURATION NUMBER OF DURATION NUMBER OF
RANGE OCCURRENCES RANGE OCCURRENCES
85 10.1
1 13
8.7 10.3
1 11
8.9 10.5
5 6
9.1 10.7
8 3
9.3 10.9
11 2
95 111
13 1
9.7 11.3
14
9.9 104 values
15 | I

Figure 11A-1 Durations of 104 Contracts.
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YEARS

Flgure 11A-2 Frequency Distribution Graph.

THE STATISTICAL TERMS DEFINED
Mean

TheMeanisthesmpleaveragevadued the104 durationsrecorded. Itisfound by
summingthe104 vauesand dividing by 104 (thenumber of valuesrecorded):[8.6
+88+90+90+9.0+9.0+90 +9.2 (8times) +... +11.21, divided by 104. The
five9.0's emphasizethat therearefive values between 8.9 and 9.1 and could have
been replaced by (5x 9.0) as wasthe casewith the next set (8x 9.2). Theaverage
vauethen is 1036.4 + 104 = 9.88 years.

The most frequently occurring duration was 10 years. There were 15 durations
counted between 9.9 and 10.1 years, thus 10 is the Median vdue. The Median
vaueis usudly near the middle; thereareas many occurrencesabovethe average
valueas below it.

Standard Deviation (SD)

TheSD of aset of dataisa measuredf the shaped the frequency distribution: a
small vaue meansthat the curveistall and thin; a large vaue, that the curveis
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short and fat. Numericaly, it measuresthe averagespread of all the data around
themeanvaue. A band two SD’s widedown the middleof thefrequency distribu-
tion will encloseabout 70 percent of all the data collected. Thusa small vauefor
the SD means most of the collected data has values not too different from the
mean. SeeFigure 11 A-3.

The SD isfound by calculatingthe difference between a valueand the mean,
sguaring it and summingthese squaresfor all thedatacollected, dividingthissum
by the number of values (that is finding their average) and, finaly, finding the
square root of this average. This odd kind of averageis based on a theoretical
concept, but it haswideapplication in the real world, includingconstruction. For
the Suez Canal, its SD calculationis (SD)? = [1x(8.6 — 9.88)% + 1x(8.8 — 9.88)2 +
5%(9.0 = 9.88)% + 8x(9.2 = 9.88)2 * etC. ... + 2(11.0 - 9.88)2 + 1(11.2 - 9.88)?], all
divided by 104.

The square root of thisresultisthe Standard Deviation: it is0.52 years. This
value measures the average spread of all the 104 durations; that is, about 70
percent of thecontractorscompletedtheir contracts between 9.36 and 10.40 years
(9.88-0.52) and (9.88 + 0.52). Therefore, if oneof the contractorsestimated 10
yearsfor doing hisone-milesection, the project manager could assumethere was
a better than 50 percent chanceof him doingit.

FREQUENCY
OF

OCCURRENCE | COMPARATIVESD'S FOR

VARIOUS 'SPREADS' IN DATA:
68% OF MEASUREMENTS
ARE IN SHADED REGIONS
FOR ANORMAL FREQUENCY
DISTRIBUTION

Figure 11A-3 Comparing Standard Deviations.
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Inthereal world of construction scheduling, weare not going to build another Suez
Canal, and evenif wedid, wewould not repeat theold methods. Sothedetailsof this
historical data may not beof much useto us. The specific numbersare not, but the
shape of itsfrequency distribution and only three of its" numbers” can help make
PERT useful in modern projects. The three numbersare the minimum and maxi-
mum durations taken to build the canal and the median of the 104 durations: the
most frequent duration (thel5 contractors who took between 9.9 and 10.1 years).
Modern-day managers havedevised a formula that would have given a mea-
sure of the uncertainty (SD)of the 104 contractorsthat built the Suez Canal. Each
contractor isasked to providethreetimeestimatesfor a job: an optimistic duration
(a),amost likdly duration (m),and a pessimistic duration (b). Theformulas are:

The EXPECTED TIME, t, = 116 x (a+ 4m + b) (thiscalculation iscalled a
"weighted” average)
TheSTANDARD DEVIATION, D = 116 x (b-a)

Wecan find those three valuesfor the Suez Canal inthetableof recorded data
or its graphed frequency distribution (Figure 11A-2). We can find these three
durations (theshortest, longest, and "' most likely" durations) to be 8.6,11.2, and
10.0, whicharea, b, and mfor the data. The most likely time (m)isthetallest bar
of thegraph (theMedian value); it is not the calculated Mean but will becloseto
it if thefrequency distribution isfairly symmetrical.

For our Suez Canal example, these calculations give the Expected T i e is
t. = 9.97 yearsand the Standard DeviationisSD = 0.43 years

We calculated the actual valuesusing all 104 vaues of the data as 9.88 and 0.52
years. The comparison illustrates that a smple approximation can provide cred-
ible results. This works well when the actual Frequency Distribution curve is
smooth and approximates the theoretical curve used by statisticians.

To interpret these PERT numbers further, we have a 50 percent chance of
completing our contract in 9.97 years (theExpected Time), 100 percent chancein
11.2 years, but zero chance in less than 86 years (the limits to the recorded
durations). Thereisalso a 68 percent chanceof completingthework between9.54
and 10.4 years(inthe middleband of the population).In other words, thereisa16
percent chance of completing in 9.54 years (50% — 34%), 50 percent by 9.97
years, and rising to 84 percent (50%+ 34%) by 10.4 years, 34 percent oneach side
of the average is 68 percent total. These probabilities may be more easily seen
using the graph of Cumulative Probability (seeFigure 11A-S5).

CUMULATIVE PROBABILITY

Thefinal argument abovecan be moreeasily visualized by determiningthe number
of contractors who have completed their contracts astime goeson. After 8.5 years
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TIME  NUMBER COMPLETED ___ PERCENTOF TOTAL

0-8.5 0 0
87 1 0.97
89 2 19
9.1 7 6.7
9.3 15 144
95 26 25.0
AVERAGE: 9.7 39 375
0.88 yrs -—» 99 53 51.0
101 68 65.4
10.3 81 778
105 92 885
10.7 98 94.2
10.9 101 971
111 103 99.0
113 104 . 100.0

Figure 11A-4 Cumulative Probability Data.

DURATION TIME, YEARS

Figure 11A-8 Cumulative Probability Graph.



CHAPTER 11 — PERT—THE BASIC CONCEPTS 201

intothework, al 104 contractorswill have started but only oneisamost finished
andwill befinished by 8.7 yearsintothecontract. Thetablein Figure11A-4 addson
thenumber of completingcontractorsaseachtimed ot is passed. When expressed
as a percent, this graph gives the Cumulative Probability of a contractor being
finished at a certain duration. After 113 yearsal contractorq 100 percent) will
havefinished.

Note: The blank rowsenclosethedataapproximatelyone D on either sideof
the Mean duration. The percentagesin the last column show that 738 percent of
the contractors(88.5 = 14. 4) finished in that band two SD’s wide; the theoretical
valuefromPERT is68.8 percent. Thetable (oritsgraph) can divulgeother infor-
mation: thereisa97. 1 percent chancedf completinga one-milesegment of canal
in109 years

The graph o this information presents the familiar 'S* curve displayed by
most growing things. See Figure 11A-5. Thereissow early growth, followed by
rapid growth in mid-life, and then declining growth beforeit ends. Thegrowth of
total fundsexpended over thelifeof atypica project followsthesame™ S-Curve™
growth pattern.

Comparethe theoretical curvesdf Figure 11- 3 with the Suez Candl data of
Figures1l A 3and 11A-5.






CHAPTER

LEARNING OBJECTIVES
After completingthis chapter, you should be able to:

m Discusstheadvantages (and perhaps somedisadvantages)in applyingcom-
puter programsto scheduling.

m Replacecertain manual cal culationswith a spreadsheet software program.

= Input formulasto spreadsheet programs.

= Begin using a commercial software program.

PREPARATION FOR THIS CHAPTER

Becausethischapter repeatsthe manual work coveredin the other chapters of this
book, it isimperativethat you fed reasonably secureabout theconcepts, methods,
and techniquespresented there. In the main, we shall replacemost of the manual
techniques with specific application software. A computerized spreadsheet re-
places tabular calculation sheets. Project management programs can draw net-
works, maketimecal culations,and do other complex scheduling cal culationswith
relativeease.

INTRODUCTION

The argument for including this chapter on computers respondsto the question:
"Why are manual methods provided at all in this book?* An introduction to the
methodsand techniquesof scheduling projects must start with the basicconcepts
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beforeadvancingtothoselabor-savingdevicesthat makeour livesessier. Welearn
alot about traffic rulesand driving courtesy by riding a bike beforewe drive our
first car and not many of us ever graduate to driving high-powered Formulal
racing cars. So it is with computer-assisted analysis. We must know what the
computer istryingto doinorder to understand theresultsand decidewhether the
computer has done what weexpectedit to do. Beginning schedulersshould know
the basicsof scheduling before being turned looseon a computer.

Software programs are becoming more "*user friendly" as new versionsand
completely new programs enter the market, but most exhibit idiosyncrasiesthat
can cause near madnessin the operator. Thisis not meant to discourageanyone
from craving the experienceof "'playing™ with a new program to see what it will
do. The demonstration disk accompanying most software can do this without
causing unduestress.

Like most books, this book was confronted with the problem of scope. Once
the introductory level of scheduling was accepted as the goal of its presentation,
therewaslittleroom left for discussing advanced methods. Even thisshort chapter
on computerized scheduling cannot go into the details and intricacies of how to
usespecific software, nor canit introduceyou to the basicsof computer operation.
These are |€eft to the many excellent manuals, periodicals, and books available
from software suppliers and computer sectionsin bookstores.

Manual and Software Methods

Whenwestudied the manual cal cul ationmethods, wemoved from onecal cul ation
to another, making subjectivedecisionsand modifying data where required. But
casual meandering through a series of calculationsis not the way of computer
programsthat must have pre-defined stepswritten into their softwarecommands.
The basisfor programmingisthe Flow Chart, which showsthe disciplinedflow of
information. We use flow charts to illustrate data flow by defining the input
information needed to develop the next batch of data. This chapter attempts to
show how the results from one software program can become the input for the
next program. These Flow Charts may also be used by advanced computer users
for automating these calculationsby using the unique languages (** macros™) for
smplifyingmany repetitivecal culations.

REVIEW OF THE SCHEDULING PROCESS

Thefirstflow chart (Figure12-1) showsthe devel opment sequencesfor producing
aschedule, starting with the basicinformation provided in thedrawings, specifica
tions, and contract documents. The arrows that lead into a window show the
sourcesaf information for producingthe contentsof that window. For example,
to determinethe Start Times (and so forth) for all the tasks, we requirea network
of tasks, thedurations of thetasks, and the Start Datefromthecontract. The* oil"
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tolubricatethe unfolding of thisnew informationisthe knowledgeand experience
o the person managing the process.

We manually worked througheach step of thisprocessintheearlier chapters,
producing the packagesaf data notedin each window of thisflow chart. Now we
must consider which of thesedata transformationscan be moreessly done usng
the computer, describe how to go about it, and providean example.

THE WORK BREAKDOWN STRUCTURE

Most projects begin with thinking about how to organize the whole job, with
much scribbling on pieces of notepaper. Constructing the WBS is no exception.
The objectiveisto get alist of the tasks comprising the project by building the
WBS Certain Project Management software programs help by defining a sub-
project as the group of sub-tasksthat definethe detailsof another more generd
task. Earlier we studied the "Roof Construction™ generd task which was com-
posad of sub-tasks such as Trusses, Sheathing, Insulating, Moisture-Proofing,
Westher Surface, Eaves, and Overhang. See Figure 12-2.

In thisway, thetasksin oneleve are thecomponentsaf a sub-project having
thenamedf thetask in thelevd above. In Chapter 2 we constructed the WBS this
way, down to thedesired levd of detail throughlayersaf sub-projects. Very large
projectsare computer-organizedthisway, scheduled separately, and then merged
with the other sub-projectsto give the master schedule.

NAME OF THE PROJECT
WHICH IS ASINGLE TASK

IN ALARGER PROJECT.

IT CAN REPLACE THE SEVEN

‘ COMPONENTS BELOW.

L. S S . I'ROOFING" |

| ROOF ' CLADDING OVLR- soFFITs| | FLASHING

TRUSSES| | . .BARRIER HANG > _
THESE SEVEN TASKS

COMPRISE ASUB-PROJECT
NAMED "ROOFING"

Figure 12-2 A Model Work Breakdown Structure.
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Most up-scale scheduling programs accommodate the use of sub-projectsin
building super-projects. Severa software programswill display and print the WBS
when tasks are grouped into super-tasks. These super-project to sub-project rela-
tionshipscan relateall thetasksin the project to the Goal of the project, justaswe
developed (and drew) it manually. When the network for a group of tasks is
entered into thecomputer, it must be named so that it can besaved; thisnamethen
appearsin the next higher leve of the WBS

PRECEDENCE INFORMATION AND THE PRECEDENCE GRID

Most scheduling programs accept task namesand their precedencelinksto other
tasksasits basicinput through the keyboard of the computer, but you must have
already decided on the order and logic of the network elsawhere. Of course, you
can begin by typingdatadirectly into the program without much pre-thinking, but
a precedence matrix can save much confusionlater on, whenyoutry to unravel the
confusion on the screen.

The Precedence Grid (P-G) we developed in Chapter 3 wasiinitially laid out
manually on squared paper, but it could just aswell have beenlaid out onthecells
of a spreadsheet program. Some advantagesof using the spreadsheet are that

= rows (andcolumns) can be rearranged easily
= redundant relationshipscan be identified
m |oops (errors)can beidentified

Consider the P-G for the trip from San Francisco (AppendixD); it isrepeated
below in Figure12-3.

PRECEDING _ THESE ARE FOLLOWERS )
TASKS A B C D E F G H I E N D
START X X X X

A O X

B 0 X

C 0O X

D (@) X

E X O

F O X

G X 0

H X 0]

| 0] X

m
pd
O
o

Flgure 12-3 Basic Precedence Grid for the Trip.
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Assigning symbolsto tasks is seldom done in their sequenceof construction
and sothefirstdraft of the P-G usudly has X's al over thegrid, below and above
itsdiagonal. This matrix would be easier to understand if the rows and columns
were rearranged (in the same order) so that all linkages (X's) were above the
diagonal. This rearrangement would allow the plotting to be done in order of
appearancein the revised task order, rather than jumping around lookingfor the
next best task to plot. Theresulting network will bemuch better behaved thisway.
Using a popular spreadsheet program makes thework almost effortless. The P-G
has been rearranged: relocaterow H tofollow B, then repeat with columnH. The
exampleP-G issmplified by revisingthe order to A-B-H-C-FG-E-D-I, as shown
inFigure124. Notethat all X-linksare now abovethe diagonal.

Now Figure12-4 hasa redundancy but noloops. Toillustrateloops, we will add
two extralinks(*) to the P-G for thisexampleonly: at cell E-B and D-B.
InFigure12-5 oneof thelinksB-E or E-B iswrong, becausetwo taskscannot
both follow each other; thisisa direct loop. Y ou can identify thistype when you
cannot rearrange the rows and columns to remove an X-link from below the
diagonal, but indirectloopscan be harder to identify. Consider thefollowing case:
D followsE, EfollowsB, and B now isreported tofollow D (thislastlink has been
added to the P-G for thisexample). The pattern pointsout the error. Any X-link
remaining below the diagonal indicatesthat aloop will occur when you draw the
network. Thereisno way to rearrangethe rowsand columnsto correct this.
Note that the order of the names of the tasks must be the same in the left

PRECEDING THESE ARE FOLLOWER TASKS &
TASKS | A B H C F G E D I E N D
START X X X X

A 0] X

B @) X

H 0] X

C 0] X

F O X

G 0] X

E o X

D 0] X

| o
END

Flgure 12-4 Rearranged Precedence Grid for the Trip.
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PRECEDING _ _ THESE ARE FOLLOWERS .
TASKS |A B H Cc F G E D | END |
START X X X X

A O X

B 0] X

H O X

C o) X

F o X

G O X

E " O X

D *) O X

| o X ]

New Links Marked (*)

Figure 12-5 Travel P-G with Modified Precedences Identifying Loops.

columnand thetop row: if you moved the completerow C aboverow H, thenyou
must also placecolumn C to theleft of columnH. If your diagonal (A-A, B-B, and
soforth) isnot straight, then your rearrangementiswrong. Thiswhy you mark the
diagonal (“o0™) inyour P-G asacheck; itsstraight pattern ensuresthat the row'and
column order isidentical.

The popular spreadsheet programs allow effortless rearranging of rows (or
columns): you select Move, namethe row to be moved and its destination, and
confirm the commands. The rearranged data is displayed.

REDUNDANT LINKS

Checking for redundant links may not be as straightforward as in the above
checks. In the latest P-G (Figure12-5), D followsC, CfollowsH, and H follows
START; also, the matrix showsthat C followsSTART. Thislast link (C-START)
isunnecessary because Cfollowsstart inthe C-H-START route. Thiscan befound
(byeye) by lookingfor arow and acolumn, each containingmorethan one X that
intersectswith one of the X's (commonto both the row and the column). This
pattern may indicatean unnecessary link that should bechecked. If itisnot redun-
dant, then thislink must bedrawn asa dummy task inan AOA (Arrow or PERT)
network.

There may be severd ways of commanding the computer to look for such
patterns and toreport themfor your action. Onestrategy isfor it to check every X
(inturn) by checkingtherow and columnit identifies, by counting the number of
X'sintherow (andin thecolumn),and reporting back when thesumsaregreater
than onein both row and column. IntheaboveR G only row START and column
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Csatisfy therule, with countsof 4 and 2, respectively; columnsB, F, E, and D also
contain more than one X but no multiple-X rows crossit.

An automated checking macro program would only identify potential prob-
lems becausethe linksmay indicateonly that dummy tasks need to becreated for
the AOA network. Another macro program of commands might bewritten to list
each route back to START from each X and compare them all for internal dupli-
cations. A macro isa sequenceof commands that the computer *remembers”; it
can beactivated by calling up its name. Macros savetime on the keyboard.

LISTING OF THE CHIEF RESOURCES FOR EACH TASK

The Estimator producesa Quantity-Take-Off to estimatethe cost of the project. A
typical item might be 750 lineal feet of 8-foot drywall partitions. The spreadsheet
listing from the Estimator will also include the estimated cost of materials and
labor. 1t may include the estimated duration of the component.

Thevauedf assemblingthis data on an electronicspreadsheet liesin the ease
of acceptingdatafrom someonee se, removing unwanted columnsof data, adding
more rows, re-arrangingthe order of the rows, and adding morecolumnsrequired
for our unique application to scheduling.

Working directly from this basic data from the Estimator, we have removed
unnecessary columns from Figure 12-6, assigned each resource to one of our
construction tasks, and sorted the rowsin order of our task numbers. Thiscollects
together all materials needed for each task. Several items common to the same
task, such as the two types of cement blocks, were added together (using the
program)and recordedasthetotal for that task. Theresultsweresaved witha new
filenameonto aspecially named computer disk: ** Tasksand Resources. Thisnew
spreadsheet (Figurel2-7A) wasthen printed out, ready for checkingand inclusion
in a scheduling report.

CREWS AND TASK DURATIONS

Thismodified spreadsheet (Figure12—7A) can befurther developed to estimate task
durations based on thechief resource. Weadded new columns(s, 6, and 7) to name
the crews assigned to the tasks, together with their daily work output, taken from
catalogues such as Means Building Construction Cost Data. The durations were
easly calculated by the program by dividing the work to be done by the crew's
productivity. Oncethe smpleformula is entered and copied down the column, the
program computes the durations and displaysall of them almost instantaneoudly.
The most time-consuming part of thiswork is selecting the appropriate crew for
each job, but the drudgery of writingand copying names and data and doing the
calculationsiseliminated. Inaddition, fina ** hard copy" isimmediately availablefor
thefinal report. The resulting data sheet isshown in Figure12-7B.
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PORTION OF AQUANTITY TAKE-OR LIST

TRAD TIL

CODE DESCRIPTION COMMENTS RATE RATE RATE CST COST

BLDG. EXCAV ALLOW

SERVICE TRENCH 180 cY 5

SERV TRNCH B'FILL 180 CY 2 5

8/F UNDER BLDG 740 cY 2 5

ROADWAYS—EXCAV 398 CY 7

ROADWAYS—B/F 398 CY 3 15

ROADWAYS-COMPACT 7170 SF 25

SITE GRADING 1900 SF 25

ON-SITEUTIL CB Bal CBBALINC PBG 3 NO. 86.7 200

OFF-SITE UTIL—CROSS'G 1 NO.

OFF-SITE UTIL—WATER 1INCH 1 NO.

OFF-SITE UTIL—STORM 8INCH 1 NO.

OFF-SITE UTIL—SANITY 4INCH 1 NO.

OFF-SITE UTIL—ELEC

ASPHALTPAVING 796 SqYd 12

CURBS &GUTTER 170 LR 8

CONC WALKS—PQURING 2 CuYd 50 100

CONC WALKS—FINISHING 144 SF 25

FENCE-GARBAGEFLOOR  CONCRETE 2 CY 50 100

FENCE—GARBAGE FLOOR  CONCRETE 80 SF 25

FENCE-GARB ENCL 26 LF 8 8

PC WHEEL STOPS 7Mnm 17 NO. 5 35

LANDSCAPING 13687 SF

PILING 64 NO.

CONC. GRADE BEAMS SUPPLY/PLACE 127 CY 5 50

CONC. SLAB-ON-GRADE SUPPLY/PLACE 164 cy 5 50

CONC. SLAB-ON-GRADE FINISHING 6650 SF 25

CONC.—PUMPING 305 CY 7

FORMWORK 4970 SF 1 5

FRMW'K NAILS. TIES... 4970 SF 3

REBAR/CY 291cyX180#/CY 52380 L8s A5

MASONRY WEST WALL STANDARD 4180 SF

MASONRY—S. WALL RIBBED 770 SF

MASONRY--NORTH WALL RIBBED 378 SF

MASONRY--NORTHWALL STANDARD 152 SF

MASONRY--EASTWALL STANDARD 1204.5 SF

MASONRY--EASTWALL RIBBED 5815 SF

MASONRY —TOTAL 7229 SF

STR.ST COLUMNS 1 NO. 150

STEELJOISTS 30 NO. 175

METAL ROOF DECK 8850 SF 117

MISC. METALS ALLOW

CHAINUNK FOR GAS METER 1 NO. 200

OVERHANG WD. BRACKETS 2x4 1577 BM 8 25

OVERHANG WD. BRACKETS  12*PLY 69 SHTS 5 10

OVERHANG WD. BRACKETS  NAILS & HWARE 2177 BM .05

OVERHANG WD. BRACKETS NAILS & HWARE 69 SHTS 2

Flgure 12-6 Typical Materials Takeoff Data.

In practice, Figures12-7A and 7B arethesamespr eadsheet. Beforeprintingor
saving as a file we sdect certain columns and move them to the left side of the
preadshest and output only those columns. Figure 12-7B is smply a different
selection of columns that is appropriateto the need for segregated data. M ost
gpreadshest programsallow for several hundred columnsand over 1000 rows.
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TASK NO.
1)

BHRBEREBBNBRRBRNREBENEEREEREBocovwowrwn-

MATER AL NAME
(2)

(Sub)

(Sub)

Bulk Excav

Fill & Compact
Bulk Trench
(Sub)

(Sub)

Fill Trench

Bulk Excav
(Sub)

Formwork
Reinf. Sted
Concrete

Moist Proof
Trenching

(Sub)

(Sub)

Fill U/Slab
Masonry Walls
Roofing SubProj
Doors & Windows
Paint (Sub)
Vapor Barrier
Sted Mesh
Conaete
PlumbingSub
Storm Drains
Elect

HVAC
Communications
Roads & Parking
Conc Wakways
Arealighting
Fencing
Landscaping
Clean-Up

Flgure 12-7A Task and Crew Spreadsheet.

NO.



TAXK MATERIAL

NO.

n

OCONOURNWNR

10

NAME
@)

(Sub)

(Sub)

Bulk Excav

Fll & Compact
Bulk Trench
(Sub)

{Sub)

All Trench

Bulk Excav

(Sub)

Formwork
Renf. Sed
Concrete

Moist Proof
Trenching

(Sub)

{Sub)

Fll U/sstab
Masonry Walls
Roofing SubProj
Doors& Windows
Paint (Sub)

\ apor Barrier
Steel Mesh
Concrete
Plumbing Sub
Storm Drains
Elect

HVAC
Communications
Roads & Parking
Conc Walkways
Area Lighting
Fencing
Landscaping
Clean-Up
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UNITS
4

QARG A

A AR

CREW
NO.
(5)

Cc1

4 RODM’N
C-17B

2 Rofc
B-53

F2

1 Rofc
2 Rodm

SFCA

fgH 3

DURATIONS
CALC QUOTED
8)

2
4
1.333
1.333
2909
0 2
0 5
5926
1.912
0 12
11.30
1000
4233
3.008
0727
0 2
0 4
4815
10.81
0 19
55
0 4
10
190
3284
0 5
0 2
0 5
0 4
0 1
0 6
3
0 2
0 1
0 7
0 2

NOTE: In column #5, the 1°s prevent an automaticdivison by zero by theformula: the 1°s do not affect any
o theresults.

Flgure 12-7B Spreadsheetfor Crews and Task Durations.
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INPUTTING TASK DATA TO THE SCHEDULING PROGRAM

We are using a mid-range program that runs on a PC with 640kb of memory.
There are other more powerful programs costing five timesas much that include
costing and other valuablecomponents, but the simpler onesaregood tolearn on.

Fundamental task dataisinput manually from the keyboard into *'forms™ on
the screen. Two such formsare reproduced in Figure 12—-8. Scheduling programs
that can input files from spreadsheet programs save time and reduce keyboard
input errors.

There areat least two ways of typingintask data:

1 by entering datadirectlytoan on-screenform called the Task Data Screen
(Figure12-8), typing in the task's Name, Duration, its precedence infor-
mation and its Resources; or

2. by linking each new task box on a PERT (AON) network (asyou would
do with pencil and paper) and typing in its nameand duration, shown in
Figure 12-9.

The precedence information is obtained from the P-G chart for the project.
The PERT task boxesmust first be created, named, and linked to their predeces-
sors by two key strokes. The program locatesthe box in the "best™ place, but the
operator can relocate the box anywhere on the extended screen. Inputting to the
on-screenform isthe easier method. When onefield isentered, the program skips
tothe next field and the screen for the next field pops up with one keystroke. The
task screencan accept more information than the PERT box. The program can re-
arrange the PERT chart to simplify the placement of task boxes, but it can bea
relatively time-consumingoperation.

Once all tasksare input to the computer's memory, the program can display
the project as a PERT network or as a Gantt Chart, by the touch of a button.
Becauseonly a part of alargenetwork can bedisplayedon thescreen, the network
can bereduced in sizein order to scrutinizethe sequencesand the layout. Refer to
Figure 12-9A and B. Eight other displays are similarly available that list the
project data, such as Task Gantt Charts, Resource Gantt Charts, work calendars,
resource data, general project data, and so forth.

Unlike manual development of the network, which isfollowed by the dura-
tions and time calculations, the computer program does it al at once when the
durations are input along with the definitionsand precedencelogic. The drudgery
of making the time cal culations manually has now been eliminated. If any dura-
tion needsto be corrected or updated, new data issimply typed over the old data
into the appropriate form and the new timesare immediately updated.

Most programs compute the calendar dates directly for the Early and Late
Start and Finishtimes. The Total Floats and the Critical Path are also given. But
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Start Finish Totals —I
Schd: 04-23-93 Hrs: O
Prlorlty ovr 0

| Resource | Hrs [Allc | un | Predecessors Successors

= i

Name: Proj-1.pj |

‘ Duration: 0

Name:Proj-1.pj
ID:P1  Dirsctory:C\ANALYSIS\SCHEDULE)

Defaults Totals
Author: Leader. Hours: 40
WBSMask: 11.22.33.44.7??? Freeze:Yes No
Created: 04-23-93 Revised:04-23-33 # 0
Start: 04-23-93 Rate Mult: 100
Finish: 04-23-93 Dur: 0 Oh Duration: 5 |Hous: 0 Ow: ©
Late: 04-23-93 Allc: dayx Pr. 50 | Tasks: 0 Rsrc. O
| Workday | Start  Finish Hrs | 121 23 45 6a7 89 101112123 4 5 6p7 8 9 1011 |
" Sunday 8:00a 8:00a 0 bb bb bb- '
Monday 8:00a 5:00p 8 bb bb - bb.
Tuesday 8:00a 5:00p 8 bb bb bb
Wednesday | 8:00a 5:00p 8 bb bb bb
Thursday 8:00a 5:00p 8 bb bb bb
Friday 8:00a 500p 8 bb bb &
Saturday | 8:00a 8:00a 0 bb bb bb

Figure 12-8 Representative Task Data Input Screens (Courtesy Computer Associates).
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Lt ] D
H . TASK'S NAME
TASK A
NO. T TASK NAME
PRIME RESOURCE RESOURCE LEADER
' N

Figure 12-9 (A) PERT Task Boxes; (B) AON Network (Courtesy Computer Associates).

converting dates to the number of project days from the start usualy requiresa
manual calculation.

INCORPORATING DELAYS AND OTHER CONSTRAINTS

Once the durations of the weether-delay dummy tasks are found they are easly
incorporated into the network and the revised schedule is immediately produced.
We manualy tabulated our delay caculationswhen we analyzed Leadsand Lags
and Westher effects. We can now automate some of these cal culationson acom-
puter spreadsheet. Thesespreadsheet tablesdf datacan be printed out ready to be
incorporated into reports, whereas hand-written notes need to be nesatly copied or
typed. The computer dedlsimmediately with changes. Theformulasin the spread-
sheetsrecal culatethe completetablein an instant and updatingis no longer achore.
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WEATHER DELAY CALCULATIONS ON A SPREADSHEET

Thisspreadsheet helpsto mechanizeweather delay calculations.Much of thedata
can be sdlected from the scheduling program and output directly asfilesreadable
by a spreadsheat program. Tasksmay be sorted in order of TF toaid in seecting
theonesrequiringmoreanalyss.

Figure 12-10 showstwo print-outsof thesamedata. Thelower oneshowsthe

A'SCREENPRINT

CAUSED BY MULTIPLE WEATHER CONDITIONS

DURN SCHED MID-DATE

EST OFTASK RAIN

66
69
76
79
76
80
63

ORNBNNNN

20
WEATHERW10

Width: 7 Memory: 164 Last Col/Row: L31

1>

Jan8
Jan 14
Jan 20
Jan22
Jan21
Jan26
Feb 3

WIND

15
15

15

18

PROBABILITY OF BAD
CONDITIONS

TOTAL TOTAL WEATHER

FACTOR DELAY WINDOW

TEMP OTHER

3

P

60504 1 3
3 10
4 6
4 6
0 4

46951 0 4

.46951 3 9

THIS FORMULA FOR *P*

ISBEHIND' EVERY CELL

IN THIS COLUMN.

F o n = [F10/(1-F10)+G10/(1-G10)+H10/(1-H10)}+110/(1 |

READY Ft:Help F3:Names Ctrl-Backspace:Undo Citrl-Break:Cancel CAPS

TASK IDENTITY DURN SCHED MID-DATE

NO. NAME

® ©

TRUSSES
DECKING
INSULATIO
CLADDING
OVERHANG
SOFFITS
FLASHING

~N~No oA WwWNE
oMb DNDNODNDN

EST

®

FORMAL PRINT-OUT OF DATAONLY
DELAYS CAUSED BY MULTIPLE WEATHER CONDITIONS

PROBABILITY OF BAD TOTAL TOTAL WEATHER
CONDITIONS FACTOR DELAY WINDOW
OF TASK RAIN WIND TEMP OTHER
® ® @ ® ©
Jan8 15 3
Jan14 15 2
Jan20 .65 A5
Jan22 .65
Jan21
Jan26
Feb 3 18 2

Flgure 12-10 Spreadsheet for Weather Delays.
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completetableof datawhilethe upper one shows part of the table asseenon the
screen. The formula the computer uses for calculating the value in cdl J10 is
displayedon the " screen-print.”

Datafor columns A, B, C, and D can be read from an output file from the
scheduling program. The data in columns E to | are decided by you based on a
subjectiveeval uation of the mid-datefor the task and the chancesof bad weather.
Theformulafor calculatingthe delay factor and the weather window is* hidden
in columns J and K, respectively, which the program executes immediately as
vauesareinput. The weather window isalso calculatedimmediately by adding C
toK. Althoughinteger valuesare displayed, the computer usesfull decimal values
in itscalculations.

Formulas are hidden "behind"” the appropriate cdls of the spreadsheet to
allow automatic calculation when values are inserted in the data cells. The pro-
gram recognizesthe differencesbetweendata and formul asand storesthem appro-
priately. For example, whenyou arecalculatingthetotal delay (Fx D) for thedata
in Row 6 of the spreadsheet, store theformula (J6*Cé) in cell K6. The computer
reads the values from cells C6 and J6, multipliesthem together, and displaysthe
result in cell K6. The formula for F is more cumbersome, but amost any size
formulawill fit "*behind™ a cell.

Insertinga delay (orwindow) into the network issimply adding a dummy task
withthecorrect linksto existingtasks. Thetimerecal culationsare madein severa
secondsand the modificationsare done.

Becausesuch refinementsare so easily made, the schedule should be updated
for weather based on actual forecastsrather that relyingon the long-term statisti-
cal data. Short-term forecasts should be more reliable than those that are long
term. Becausecumul ativedelayscan re-scheduletasksinto extreme weather peri-
ods, long-range predictions are questionable. Make long-range schedules only
when necessary, perhapsfor resourceprocurement or when the politicsof asitua-
tion require you to make "' promises.”

A Sequence of Steps for Weather Calculations

STEP 1 Fill out columnsA, B, C, and D, noting that the datesin columns D
and E may be changed later.

STEP2 Sort thetasksin order of column D, sothat the earlier tasks appear
at thetop of thetable.

STEP3 Estimatethedatedf mid-task for thetasksstartinginthefirst month
of the project.

STEP 4  For thosetasksstarting in thefirst month, estimatethe " bad" prob-
abilitiesfor columnsF, G, H, and I.

STEPS5 Caculatethe valuesfor columnsH, I, and J (the program will do
thisautomatically). Theformulafor the delay factor iscopied from
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Chapter 7:F= {P"(l - P}min] + {P"{l - P)wind} ® {Pf(l - P)temp} * {Pf
(1~ p)omer); cOluMN J = the result o the above calculation by the
computer. The Total Delay is Fx task's duration, DELAY = Fx D;
that is, columnK = column J x column C.

The Weather Window's Duration (columnL) isthe sum of the valuesin col-
umn C and columnK; L = C+ K. Whenyou changeany vauein a cell, numerical
resultsimmediately appear in the appropriate cells. Changing a rain probability
(p)causes P to be recalculated, then the total delay (columnK) and the Window,
(columnL). Spreadsheet cal culationsmake updating very smple.

STEP6 Insert the appropriate dummy weather tasks into the network and
recalculateall the dates.

STEP7 Inserttherevised ES datesinto the tableand then beready to return
to Step 2 and deal with ESdatesfor *next” month.

This may seem overly detailed, but the work can actually move quite quickly
because the computer doesthe hard work. The revised dateswill affect only those
tasks downstream from the latest weather delays. Because you will be adjusting
only the next month's schedule, only thosetasksstarting or in-work inthat month
need bereviewed. Without the computer to do most of thework, thiswould bea
very time-consuming job. If your computer can run severa programs at once
(called" multi-tasking™), then the scheduling program can output Start Datesina
spreadsheet format for direct input to the weather calculation table, whoseresults
can be fed back into the scheduler to modify the network and durations for the
next cycleof calculations.

MECHANIZING PROCUREMENT CALCULATIONS (CHAPTER 8)

Chapter 8 provided explanationsdf the techniquesfor schedulingprocurement of
resources. In discussing the subject, Figures 86 to 8-13 were produced. The
discussionin that chapter centered around manual calculations, but the illustra-
tions were produced viaa computer spreadsheet program. The data was collected
from severa sources.

The many simplecal culations (subtractinga duration from a project day) was
ahelp, but the real valueof the program liesin itsability to rearrange the rows of
data into more useful orders. Thereasonsfor the sorting weregivenin Chapter 8.

To monitor the progressaf the procurement, mark up a printout of the tickler
sheet as datesare successfully met, or blank out theinformationin the row that no
longer matters. Thiswill indicateclearly thecurrent status. Whenany new durations
are promised or negotiated, enter them into the computer and print out a revised
tickler sheet. Every new sheet should be saved with a new and uniquefile name.

To helptheexpediter, add severa new columnsnear the resourcenamefor the
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supplier's name, contact person, and phonenumber. Iif your computer set-up has
a modem, the computer can remind you when to phone the supplier, dia the
supplier, or send a FAX.

UNCERTAINTY AND TASK DURATIONS

Many mid-level softwareprogramsfor schedulingcan accept uncertainty into its
task durations. Datacan beentered in twoways thethreePERT timeestimates(a,
m, b), or the expected duration plus the Standard Deviation (t, and SD). The
program accepts (or computes) t., then cal culatesthe schedule and the SD for the
project. It isvery straightforwardin application, for when the statistical option is
sdlected, the datainput formsare changed to accommodate the PERT input data.
It calculatesthe chances of finishingearlier or later than the expected time.

RESOURCE BALANCING

Leveling (or balancing) resources using paper and pencil requirescareful attention
to detail and correct arithmetic, aswell asa clear overview of theeffectsof there-
scheduling on the whole project. You can use a computer in two ways to level
resources. One method isto use the techniquesalready covered in Chapter 9, but
on a computer spreadsheet. The other method isto use a formal scheduling pro-
gram, where pressing one key can start the process but thereisafeding of being
out of control after that key is pressed.

When you command the program to balance resources, it needsto know the
relative importanceof every task in the project. When two tasks clash over the
sameresource, the higher-prioritytask isscheduledfirst, removingthat clash. The
applicationisespecidly clear when workersor eguipment are involved and when
oneisrequired by two tasksat the sametime. The massesdf dataarestoredinthe
computer's memory for ready access during its programmed step-by-step balanc-
ing process. Most userstreat computer programsas el egant tool sfor solving prob-
lems, someindustrial users get curiousabout how the program actually solvesa
problem; and only occasionally doesa " computer hacker™ takean illegal interest
intheactual commaridsstored onthe programdisks. Theset o rulesthecomputer
programmer followsto write the detailed commandsis called an agorithm.

We are curiousabout how the agorithm will go about balancing multiple re-
sources. Ignorance dof the algorithm prevents us from anticipating the form of the
results;, hence we must carefully review the overdl effect on the schedule by the
automaticleveling procedure. Task prioritiesmust bechecked to ensurethat a casu-
aly made priority rating has not caused a critical modification to the schedule.

Thehumanmind needstoeva uatethecomputer's actionsevery step of theway.
Never assumethat ' The Computer is Always Right" unlessyou have checked its
resultson a smpleexample.
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REPORTING OF RESULTS

Computer programsare powerful toolsfor analysi shecausethey producegraphs,
tables, and chartsof consistent numerical resultswhenthey are applied to compli-
cated problems, many of which would remain unsolved wereit not for the com-
puter. As an extra bonus, these raw pagesof output data can be enhanced with
titlesand soforth and becomethe core pagesof technical reports (seeChapter 13).
Many of theillustrationsin this book weredirect computer printouts, only dightly
refined for publishing purposes.

All the data about a schedule is stored in a large database managed by the
computer. Selected packages of information can be defined for the computer,
which then sorts out the selected material, displays it on-screen, and prints it,
customized to the needsof the report. Using these computer-generated illustra-
tions, an author can tailor consistent data to the targeted reader. The next chapter
focuseson the typesof reports needed by variousreadersand how standard forms
can make the task easier.

EXERCISES AND PROBLEMS

For computer novices Takeacoursein the basic operation of a computer, includ-
ing exposure to spreadsheet and word processing programs. Get to feel at ease
with a computer.

For learned post-novices: Takeaspreadsheet program and re-calculatesomeof the
spreadsheetsin this book. Concentrateon inputting simpleformulasand rearrang-
ing the column order and sorting by rows. Take one of the precedencegridsand
"move" all the X-links above the diagonal. Add a few links at random and try
another rearrangement.

For "hackers": Gain accessto a scheduling program and input the 24-task ware-

house mode!, view the network and Gantt Chart, review several resource Gantts,
include a weather delay and a window, and so forth.






CHAPTEHR

LEARNING OBJECTIVES
After completingthischapter, you should be able to:

= Recognize the mgjor differences between the various types of documents
presented and appreciatetheir applications.

m Lay out theformatsfor each type of document.

= Construct a Mind Map.

= Asemblea Topic Outlinefrom a written text.

PREPARATION FOR THIS CHAPTER

Theearlier chaptersin thisbook have explained how to develop a schedulefrom
fundamental information about your project. The resultsof your labor will be
tables, graphs, flow charts, and many rough worksheets. Y ou will havelived and
breathed the details of your project intensely over a considerableperiod of time
and you will have a unique understanding o the project. This accumulation of
sheets of paper, both rough and neat, must be organized and edited before you
should even consider writing about what it contains.

Firstof al, your origina worksheets (tables,graphs, and basic data) should be
arranged in the order that they were developed and headed by atable of contents.
Eachgroup of related worksheetsshould be preceded by a short example showing
how each one was developed from earlier data. The whole package becomesa
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brief but completerecord of your work. Y our descriptionsand examplesdescribe
theflow of your thinkingand the depth of your work. They remind you how you
did the work in the first place, particularly when you deviated from the usual
method. It should be sufficient for you to repeat the anaysis, and adequate for
someone elseto repeat your calculationsto verify any part of the work.

Y our notes must be in such a state that you could write a progressreport at
any time during your analysis, and especialy so when the technica work isdone
and afinal report isexpected. Evenif suchformal reportsare not required by your
organization, alwayshaveyour work availablefor your own checking, for further
development, or even aslegd evidencein court challenges. This may seem likean
ultra-conservativeattitude, but onechalenge makesit al worthwhile. Be prepared.

INTRODUCTION

Thisfina chapter provides aframework for presentingyour thoughts to others.
You have learned how to produce scheduling information and you should fedl
comfortable with the meaning and significancedf the graphs and tablesof data.
Y our co-workers, even though they may have a need-to-know, may not under-
stand this bare technical data and will require your explanations, opinions, and
recommendationsso that they can use the information knowledgeably.

Y ou are responsi blefor communicatingyour findingsina manner appropriate
to your readers particular leves of authority and responsibility. Not only must
you describe and discuss your technical findings but sinceall communications (a
memo, a letter, or a report) are addressed to someone, you must know your
targeted reader. Does your reader understand technical illustrations, is jargon
acceptableand isan average vocabulary leve al right, is he/she open-minded on
thetopic, and soforth?Thereare many booksthat can advise you how to become
an accomplishedwriter, and athough it isnot theintention of thissectionto offer
a course in writing, this section can help you organize your thoughts, select the
appropriate type of document, consider the breadth and depth of its content, and
remind you to writein a clear, concise, complete, correct, and courteous manner.
You should consult the writing section of your local library and study severa
references because each book emphasi zesdifferent aspectsof writing. Writingisan
acquired skill and requirescontinual practice.

Beforeembarkingon a systemfor preparingcompletedocuments, consider the
typesaof recordsthat a planner must write: recordsof phone messages, minutes of
meetings, memostoall levelsof theorganization, notesfor verbal presentations, and
preliminary and fina reports and letters to externd organizations. Each of these
contain one common element: a body of text. The amount, depth, and breadth of
informationin each record will vary accordingto the need, from asinglecomponent
ina phonerecord to massesof dataand resultsin aformal report.
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PLANNING THE BODY OF TEXT

The text will contain information that you need to communicate to a specific
person; you may be responding to a request or initiatingit yourself. Most impor-
tant, how you view this person will color the way you form the communication.
With thisin mind, you should answer thefollowingquestionsto hel p planthetext
o the communication.

The Guiding Questions

What isthe purposed the document?

What are the relevant characteristicsdf your reader?
When must it be submitted to the reader?

What typedf documentis appropriate?

What will bethe breadth/depth (scope)df itscontents?
What styleand tone are appropriatefor thisreader?

Purpose

Y ou must know clearly why you arewritingand what you expect to achieve. Y ou
must write down a statement to unequivocally define this purpose for yoursalf.
Thisisredly the goal statementfor your writing project.

Typica action phrasesfor why you are writing might be

Company policy requires. ..
Torequest. ..
Toprovide...
Toconvince...

Tocorrect. ..
Inresponseto...

What you expect to achieve through your communication depends on
whether the writing is informational or diagnostic. Most lettersand memas tend
to beinformational, such asthosethat respond to arequest from your superior for
certaininformation or provide periodic progressreports. Minutesof meetingsand
lecture notestend to beinformational aswell.

Diagnostic writing resultsfrom anaysis and comparison of aternativesfor
solving problems, followed by recommendationsand conclusionsfor the best so-
lution. A review d recent magazine articlesfor selectinga new computer or an
andysisd theeffect of anew tax policy on the development plansfor a shopping
plaza would be diagnosticin nature.
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Your Reader

A successful communi cation must speak directly to your targeted reader, whoisa
real person with likesand didikes, who has a known amount of authority and
responsibility in the organization, who may prefer charts to lengthy written de-
scriptions, who may have a specific need and use for ideasand information but
who may know very littleabout the detailsof your work, who may bea specialist
in another field entirely, and soforth.

A good writer islike a good salesperson. Asa writer you should know your
client's needs, wants, abilities, and weaknessesand make your responseconsi stent
with your view of your reader. Make a list of the strong and weak characteristics
of your reader.

Your Timeline

Memos, phone cdls, and letters can be prepared on a same-day schedule, but
major lettersand reports requiremoretimeto prepare. Even whenall your datais
available, your thoughts must be organized, the presentation must be thought
through and written down, and more than one draft text must be written. Com-
puters can record information asfast as the writer can enter it, but they cannot
speed up the writer's thought processes.

When you are required to respond **by tomorrow,"” you must tailor the re-
sponseto the time available. An opinion can be given over the phone and written
ina memo in a few minutes, but a full anaysis, with conclusionsand recommen-
dations, may takea week or moredf day-and-night hard work.

What Type of Document?

Thisislikely the easiest question for you to answer, but you should alwaysstrive
to respond with the shortest and | east time-consuming method of reporting. If you
writea memo when a phone call would suffice, you are makingwork for yourself.
If your client requiresafinal report when the work isdone, ensurethat your time
was budgeted for in the bid.

The Scope of Your Document

The breadth of topicsand the depth of detail are determined by the needsof your
reader. Y our personal goalsmay tell you to engagein overkill when dealing with
either or both of these itemsto show how much you know about the subject, but
by doing so you may lose your reader before he finds what he was asking for.
Conversely, you may betoo brief, and thereby frustrate your reader and losesome
credibility in therest of the organization. Y ou must havea clear understanding of
the needs of your reader and then carefully write to those needs.
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Writing Style

"yle, traditionally defined, is The arrangement of wordsin a manner which at
once expresses the individudity of the author and the idea and intent in his
mind." ” (Keithly,p. 14). A good writing styleisoften defined by what you should
not do with your words.

1. Avoid trite, hackneyed language. Overused expressionsthat are common
in conversation have no place in formal, technical reporting: such as,
"coldasice...,” "lightasafeather. ..,” "so near and yet sofar. ..”.

2 Vigoroudy edit your writing to reduce wordiness: for example, replace
""At the present time™ with "now," and so forth. Complex verbs can be
edited to Snglewordswithout losing meaning: "*toolsthat have been lost
through carelessness™ becomes ™ toolslost through carelessness.”

3. Refrain from using words with indistinct meanings or connotations. Be
explicit: Instead of " far** or ""distant,” say *50 miles" (theexact distance).

4. Do not put seemingly unimportant wordsin thewrong place: "'l only like
you" when you mean "I like only you." The former statement redly
impliesthe second hdf of the thought, . .. "'but | do not love you.”

5. Donot uselongand involved sentences. Consider several shorter ones, or
replace™and" and "' but" with asemicolonif you want the thoughtsmore
closely connected.

ORGANIZING YOUR THOUGHTS

Thereare as many waysd "getting organized" asthereare authors of bookson
writing. This author has severa ways, none of which are perfect or universaly
useful. However, there are fundamental practicesthat prepareyou to write. You
have noted al the points you want to cover to achieveyour stated goal, and then
you organized them in the best order to achieveyour objectives:

1 Ligthetopics, and
2. Put them in sequence.

Listing the Topics

A final list developsdowly asyou search your mind, first for all topics remotely
related to thesubject and, second, when you rel egatethe less-important onesto the
bottom of thelist. File cards have been used for years because they make sorting
easer. They are particularly useful for research papersin which referencematerial
is collected from many publicauons.

Thenthereisthe" Topic Outling,” which isaWork Breakdown Structurefor
a writing project. It presupposes which topics are subordinate to others and is



228 CHAPTER 13 — COMMUNICATING YOUR PLANNING INFORMATION

Figure 13-1 Note-taking Technique by 'Mind-Mapping" or 'Thinking Pictures."

valuablefor puttingthetopicsin asequence. But it is not theway to brainstorma
writing project.

This book emphasizesgraphical displaysfor the development of schedules.
Thissection, too, hasa particul ar graphica method for developingand recording
idess. it iscalled Mind Mapping (Buzan, 1974, page 86). In contrast to therigid
Topic Outline, a Mind Map begins with the Subject to be pursued written in a
closed shape (a" cloud") at the center of a blank sheet; rel ated conceptsare added
in other "clouds™ and connected to related clouds. When a line of thought dries
up, pursueanother avenue, and record each one as before. The method may be
reminiscent of buildingadraft Bubble Diagram, but the linkages here defineyour
thought connections, not sequence.

Sorting the Topics Into a Deslred Sequence

As you study and edit your Mind Map, you will see that some topics are very
important and othersare not; somewill even seemirrelevantto thecentral purpose
o your communication. Emphasize the prime topics by double-circling their
phrases. Crossout theirrelevantones, but darkenthe very strong linkage between
topics. Consider which major topic should be presented first in your document
and mark it as #1. Then continue to identify the remaining major points.

A Topic Outlineisa linear, top-to-bottomarrangement of ideas but it doesnot
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GOAL: To Move Our Place of Residence

New Neighborhood
Quality of Schools
Stability of Population
Crime Statistics
Residence Criteria
Number of Bedrooms
Quiality of Kitchen
Size of Property
How to Acquire
Duration of Stay
Our Financial Situation
Savings
Cash Flow
Current
Forecast
General Financial Picture
Interest Rates
Down Payment Required
Taxes
Moving Costs

Figure 13-2 Topic Outline from the Mind Map.

represent how the brainfunctions. In the brain, wordscantrigger severd other ideas
amost smultaneoudly and they need to be quickly recorded without considering
sequences. The Mind Map isthe interface between the brain and the written word.

The Topic Outline should be easy to construct now that the Mind Map has
transformed thetopicsfrom your mind to paper. Whenyou start to writethetext of
your document, these written thoughts must physicaly follow one after the other
down the page. TheTopic Outline providesthislinear order for you to follow.

For organizing your topics prior to expanding them into the text of your
document, your topic outline must be complete down to the deepest levd (likea
WBS). Each paragraphisan expansiond atopicin the deepest leve of thetopic
outline. The leading sentencein any paragraph (the* topic sentence™) flows di-
rectly from one of these degpest topics. In some paragraphs where much of the
important detail will be presented, you may need to list these details by adding
them in one deeper levd in the outline.

Writing the Text

Thestyled your writingwill reflectyour command of the rulesof grammar, your
vocabulary, and your skill in connecting the thoughts between sentences. Do not
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stray fromthetopicat hand. Ensurethat every sentencein a paragraph expandson
the subject of thetopic sentence; if it does not, then re-work it or removeit. Strive
for clarity by reading your work aoud, listeningfor any ambiguity or double-talk.
Becareful not to uselong wordswhen commonly understood oneswill do. Check
thelogicof your sentencesby consideringwhether theliteral meaning of thewords
you used conveys the meaning you intend. Shun long, complicated sentences by
using a semicoloninstead of a conjunction or split it into several shorter, cleaner
sentences. Stay away from double negatives, which areoften thefavorite construc-
tionsof politicianswhowishto be non-committal: “I do not believethat I shall not
ignore my opponent. ”

Thereare many booksdevoted to explaining theart and skillsof writing that
you should peruse before tackling a challengingwriting assignment. Such reading
can give you confidencethat there isa techniquefor writing that can be learned
and that good writers are seldom born pre-programmed with writing skills that
have been plugged in likea pieceof software.

COMPUTERS ARE HELPERS

Computer programs can hel ptremendously. M ost word processingprograms con-
tain an outlining utility that helpswith the layout:

= Grammar-checkersand spell-checkerscan monitor your creations and an
on-line Thesaurus can providealternative wordswhen your mind keepsre-
using the same word.

= Blocksof text can easily berelocated to a better place after you havetyped
an especialy good sample as an afterthought.

= |temscan be marked for inclusionin the Contentsor the Index.

= Depending on the electronic sophistication of your workplace, you can
send your communications instantaneously to your reader by E-Mail or
Fax or by direct connection toanother computer viaa L ocal Area Network
(aLAN).

= You may find that you can contribute your portion of a large report
through the LAN system to the general editor.

m You can search your files-on-disk for specific words (subjects, reader's
name, dates, etc.) and thereby retrieveparticular information very quickly.

New applications of computer systemsfor the preparation and distribution of
ideasarrive on the magazineracks monthly and you should try to keep up to date
to apply what you can where you can.
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FORMATS FOR DOCUMENTS

We have focused o n preparingthe body of text but have delayed describing how it
should be packagedfor the reader. This sectionillustrates the format o f these pack-
ages into which the body of text can be inserted. The Standard Formats presented
here should be regarded as guides that can be modified to suit the needs of your
organization. Once adopted, a standard format prepares the reader to receive a
particular type of information and may suggest the type of response expected.

PHONE/DIARY ENTRY
DATE: YY/MM/DD; TIME: HH/MM; DURATION: (minutes)

BY: (Initiator's Name & Position) TO: (Receiver's Name. Position)
PURPOSE:

ISSUES: 1
2

CONCLUSIONS:
FOLLOW-UP:
EXAMPLE OF PURPOSE

"Invitation to special meeting (Planning Committee); to discuss proposed project;
March 21, 10:15 am, Room 12.”

Figure 13-3 Record of a Diary Entry or a Phone Conversation.
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MINUTES OF MEETINGS

MINUTES
OF SPECIAL MEETING OF PLANNING COMMITTEE
of March 25,1994
10:00 am to 12:30 pm in Company Board Room
PRESENT (Identfy who was in the Chair and who was Record Keeper)
ABSENT
VISITORS

Agenda
Item

Callto Order at

Approval of Agenda:
The Agenda was APPROVED with the following additions:
(Enumerate and State the Titles clearly & concisely).

Approval of Previous Minutes:

The Minutes of the Meeting of February 10, 1994 were APPROVED with the

following corrections:

(Correct the wording but it is not necessary to re-quote the complete

statement unless directedby the meeting.)

THE BODY OF THE MINUTES APPEAR HERE IN THE ORDER COVERED

BY THE MEETING.

ADD THE INITIALS OF PERSONS ASSIGNED TO TAKE ACTION AS

DIRECTED BY THE MEETING.
EXAMPLE OF TEXT

ltem #4 - "Bill Smith moved That the Estimating Group preparea preliminary
overview of the Multi-Tenant Warehouse Project, including Direct Construction
Costs, its likely Duration and forecast of special issues affecting it; and to report

back by April 2.”

The Motion was ADOPTED, unanimously............. BY HN

Final
ltem The meeting was adjourned at 12:15 pm

Flgure 13-4 Minutes of Formal Meetings.
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MEMOS

MEMORANDUM

(Name of Department)
TO: and Position; ) DATE (YY/MM/DD)
FROM: (Name _ and Positlon )

Introductory remarks provide continuity and state the problem or reason for
sendingthe memo.

The body of the discussion, information, data, etc.

Promises or requests for follow-up action along with a target date for action or a
response.

EXAMPLE OF TEXT

In response to request of Meeting of March 21:
The estimates for construction of tenant space (Phase 2) is separate from the basic
structural and site work, known as Phase 1.

Phase 1: $750,000 over a 10-month constructionperiod.
Phase 2 $35,000 per unit over a 6-week period.

POTENTIAL PROBLEM AREAS:

*  Soil conditions, as the site has been backfilled.

*  Weather, as the potential start is in November.

¢  Skilled trades people, as the industry is projectedto be in a building boom for
this period.

* Fabricated steel, due to the building boom. .. .. cont'd

These quick estimates are based on current building data for our area and should
be within 15% of actual depending on resolutionof the issues listed above. 1 will be
pleasedto enlarge on these points at your next meeting."

Initials (Typistor. ...)
Enclosures Listed:
Copies Sent To: (oftenC/C:.....)

Figure 13-5 Intemal Memorandums.



234

CHAPTER 13 — COMMUNICATING YOUR PLANNING INFORMATION

PAGE 1 Title Page with Author's Name and PresentationDate, Target Audience,
and Name of Contact Person

PAGE 2 Explanationof Purpose of Presentationand Use to be made of it by the
Meeting

PAGE 3 An exact copy of the Visuals to be Shown along with the "Talking Points"
in point form for each one; including such information as; source of
information, purpose of the visual, implications of the information for the
members of the audience, etc.

LAST PAGE Resume and Wrap-Up of information presented. Notes and One Visual

EXAMPLE OF TEXT

....... (Typical speaking notes for each Flip Chart, Overhead Transparency,
Video Display, photographic slide, etc.)

SLIDE ##£MWrea Map and The site at Wharf/Bay Streets
N/S Orientation, truck and railroad access
Contours: old and proposed
Zoning Boundaries
Actual developments New & Proposed

SLIDE#2, vvvvviinnninnnnns

Figure 13-8 Formal Presentation to a Meeting.
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INTERNAL REPORTS

PAGE 1

PAGE 2

PAGE 3

PAGE 4
and on-
wards

A RECORD OF COMPLETED WORK
(Informal Report For Filing)

THE TITLE

AUTHOR

DATE

The executive summary on less than half-a-page:
Reason for doing the work
Important source of information
Important findings and conclusions
Recommendations
Contents: Tile of each segment of the work.

Introduction:

Problem Statement of Purpose
Specific Objectives

Scope: (what it does not do)
Body of the Report:

235

Each section of work opens with the source information, an example of the
work done and an example of the results. The complete results for each
section (computer print-outs, graphs, tables, etc.) can follow immediately or

be in an Appendix when large amounts of materal must be saved.

EXAMPLEOF TEXT
LIST OF TASKS

The Quantity Take-Off material (computer file name: PROJ_9406.QTO, Disk No. 7)

was sorted by material type, collapsed into a single item and renamed. Sub-contracted
work was introduced as one Task (to start with). The total amount of material (from the

Take-Off) was listed with each task but Sub-contract tasks were marked as 'SUB'."

Appendices:

Fligure 13- 7 For an Internal Report.
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BUSINESS LETTER

LETTER-HEAD
(Generally includes the complete address and phone/fax numbers, either here or
across the bottom of the first page)

(DATE)
(COMPLETE ADDRESS as it would appear on the envelope)

REF: (Optionalto include reference to subject matter and file number of previous
correspondence)

Dear Mr. (Ms.),
EXAMPLE OF TEXT (Letter to City Planner)

W e are planning to build a multi-tenantwarehouse on the vacant parcel of land at
the comer of Wharf and Bay Streets in the City (Parcel #200087). \We are unsure if
the current zoning in that area (Heavy Industrial) is consistent with our proposed
development.

We would like to meet with you to determine the city's position regarding our
proposal and to begin planning the next steps. Might we meet with you during the
week of October 12 at your convenience?"

Yours truly,
(Space for your signature)
Type your name and position

(Reference Initials)
Enclosures:

Figure 13-8 The Business Letter (For External Communications).

Componentsof the Formal Report

The PREFACE explains the purpose of the document, the methods used, and
thanks those who helped in the work.

The FOREWWORD issimilarinfunction tothe prefacebut it normally iswritten
by a well-known authority in the same field to support the work reported in the
document.

The ABSTRACT or EXEQUTI VESUMMARY isa brief account of the high-
lightsof the report. It often iscalled the Executive Summary because busy execu-
tivescan obtain thegist of the report without studyingall itsdetails.

The INTRODUCTION prepares the reader for main ideasof the text: back-
ground material, statement of the fundamental reason for writing the report, and
the breadth and depth of itscontents.
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FORMAL REPORTS

A Cover (to Protect the document) Show Title & Author
Several Fly Pages: a Title sheet & several blanks
Title Page: Full Title of the Report
BY: (Author's Name & Position)
FOR: (Recipient's Name & Position)
(Date Submitted)
Copies of Letters that:
FRONT  Authorized the Work
MATTER Accepted the Assignment
Accompaniedthe Report
Preface or Foreword & Acknowledgments
Table of Contents
List of lllustrations and Tables
Abstract or Executive Summary

Introduction
TEXT Main Text of the Report
Conclusions and Recommendations

EXAMPLE OF TEXT

6.4 PROBABILITY OF COMPLETING “ON SCHEDULE"

The initial schedule based on the single time estimates from the trades indicated a
completion date of December 16 but the durations using the three (PERT) time
estimates indicated a completion date of November 10. Implicit in the PERT date
is the proviso that there is only a 50% chance of that date being realized; the
December 16 date implied that IF all task durations were realized in practice, then
the project would be completedthen. There was 100% certainty.

The PERT date allows some judgementto be exercised: ifthe PERT analysis
showed that the path of critical tasks had a Standard Deviation of 12 days, then
there was an 86% chance of being finished 12 days later and a 98% chance
another 12 days later. Perhaps the owner would appreciate knowing the degree of
uncertainty and the construction manager could measure his own chances of

savingtime. .... g
Endnotes
BACK Bibliography
MATTER  Appendix
Index

Figure 13-9 The Formal Report.
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ENDNOTES s the assembly of many of the footnotesinto one section of the
report; they should bearrangedin the sameorder asthe major sectionsof thereport.

The BIBLIOGRAPHY liststhe sourcesof information referredto in the text.
An example of the format is Keithly, Erwin M., Marie E Flatly, and Philip J.
Schreiner, Manual of Stylefor Business Letters, Memos ¢ Reports, UCL A,
Southwestern Publishing Co., 1989.

EXERCISES AND PROBLEMS
1 Sdect a magazine article covering severa pages and construct its topic

2

outline using the title, its sub-headingsand paragraph topic sentences.
You have just completed the first draft of a schedule from construction
information you collected from personsin your company. Y ou want feed-
back from them. What form of communicationwould you use and what
major topics would you address in it? You should consider drawing a
mind map to record your ideasasyou ponder the subject. Writeall related
thoughts, rejecting later all those that do not apply.

After you incorporated the responsesfrom your colleaguesand updated
theschedule, you wereinformed that the General Manager wantsa status
report by tomorrow morning. What form do you sdlect for this?
Because you know more about the details of a forthcoming project to
build a warehouse in a neighborhood bordering a residential area, you
have been selected by your bossto describethe construction program at a
neighborhood meeting. Sketch out amind map of theissuesyou think you
will haveto address.



APPENDIX

DESIGN DATA FOR THE

'I;mewarehousewaspl anned to bebuiltonasmall parcel of land near adeep-sea
termina wherethereisa market for smal warehousingspacefor trans-shipment
of goods. The site had been extensively filled at some time in the past when this
coastal areawasoriginally developed. The municipal building code required that
foundationshad to be based on undisturbed soil, and the old fill therefore had to
be removed and replaced with acceptable material. The upgraded fill had to be
compacted to provide sufficient soil strength.

Therectangularlot is220feet by 66 feet. It isto bedevel oped with17 parking
spaces, six loading bays, space for a garbagecontainer, access paving, curbs, and
landscapingwith shrubsand grass. Thefootprint of the buildingis190 feet by 35
feet and coversan areadof 6650 squarefest; itsheight is18 feet, allowingfor two
floorsdf officespace. The long structureis expected to be subdivided into five
small warehouses, with offices provided later to suit individua tenants.

Theconventional structural shell is built of concrete blockson a poured foun-
dation with an interior floating dab. Each unit has a large shipping door, win-
dows, doors, and roughed-in plumbing services, adequate electrical power is
connected to each unit. There are no internal transverse bearing walls, so tenants
can lease adjoining units to form double units. The steel-decked roof structureis
supported by prefabricatedopen-web-stedl joiststhat crossthe 35-foot span. Non-
structural awnings improve the proportionsof the building, making it blend in
better with the mixed-usearea df thecity.

Thereareto befour identically Szed units (at 1283 s ft) and onelarger unit




(15189q ft) at the prominent end of the building. Four aternate floor plansare
provided for each of the two types on one- or two-floor layouts, thus giving
prospective tenants a good selection.

Instead of including acompleteset of working drawingssuitablefor material
estimates, we have included the quantity of materials prepared by an estimator.
The basic geometry of the building is described in the enclosed drawings (Figure
A-1, "a" through “e”); they are not scae.

The materia slisting describesthetypesof materialsused in thisbuilding; itis
reproduced from the estimator's computerized quantity take-off spreadsheet. See
FigureA—2

Figure A—la Warehouse Drawings: Perspective of the Building.  (Courtesy Costex
Management Inc.)

240






a8

8y

s8

9T-y eunBi4




a8euep xo) ou s3 M PT-V a3y



244 APPENDIX A— DESIGN DATA FOR M E WAREHOUSE

Figure A-1e \Warehouse Drawings: Office floor Plans--Unit A . (Courtesy Costex
Management Inc.)



Figure A-1e \Warehouse Drawings: Office Floor Plans—Unit B. (Courtesy Costex
Management Inc.)



246 APPENDIX A— DESIGN DATA FOR THE WAREHOUSE

Flgure A-1e \Warehouse Drawings: Office Floor Plans--UnitC. (Courtesy Costex
Management Inc.)
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Flgure A-le Warehouse Drawings: Office Floor Plans—Unit D.  (Courtesy Costex
Management Inc.)
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CODE

DESCRIPTION

BLDG. MCAV
SERVICETRENCH

SERV TRNCH B’FILL.

B/F UNDER BLDG
ROADWAYS—EXCAV
ROADWAYS—B/F
ROADWAYS--COMPACT
SITE GRADING

ON-SITE UTIL CB Bal
OFF-SITE UTIL—CROSS'G
OFF-SITE UTIL—WATER
OFF-SITE UTIL—STORM
OFF-SITEUTIL—SANIT'Y
OFF-SITE UTIL—ELEC
ASPHALT PAVING

CURBS & GUTTER

CONC WALKS—POURING
CONC WALKS-FINISHING
FENCE--GARBAGE FLOOR
FENCE--GARBAGEFLOOR
FENCE--BARBENCL

PC WHEEL STOPS
LANDSCAPING

PILING

CONC. GRADE BEAMS
CONC. SLAB-ON-GRADE
CONC. SLAB-ON-GRADE
CONC.—PUMPING
FORMWORK

FRMWK NAILS. TIES,.

BAR STOCK

MASONRY WEST WALL
MASONRY—S. WALL
MASONRY--NORTHWALL
MASONRY--NORTHWALL
MASONRY--EAST WALL
MASONRY —EAST WALL
MASONRY —TOTAL

STR.ST COLUMNS
STEELJOISTS
METAL ROOF DECK
MISC. METALS
CHAIN LINK

OVERHANG WOOD
BRACKETS
OVERHANG
OVERHANG

COMMENTS

CBBALINC PBG

| INCH
8INCH
4INCH

CONCRETE
CONCRETE

SUPPLYPLACE
SUPPLYPIACE
FINISHING

291cyX180#%
STANDARD
RIBBED
RIBBED
STANDARD
STANDARD
RIBBED

ALLOW
FOR GAS METER

2x4

12°PLY
NAILS & HWARE

UNITS

cYy
CY
cy
cYy
CcY
SF
SF
NO.
NO.
NO.
NO.
NO.

SqYd
LinFt
Cu Yd
SF
cY
SF
LF
NO.
SF
NO.

LBS
SF
SF
SF
SF
SF
SF
SF

NO.
NO.
SF

NO.
BM

SHTS
BM
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OVERHANG NAILS & H'WARE 69 SHTS
WATERPROOFMASONRY 7229 SF
VAPOR BARRIER 6 mil 6650 SF
INSULATION—ROOF (in roof est) 6650 SF
INSULATION-DEMISIDE 2940 SF
WALLS

INSUL'N-PERIMETER 900

METAL ROOF CLADDING 2172

METAL SOFFITS 802

METAL ROOFING 6650

FLASHING COLORED

SEALANTS

METAL DOORS & FRAMES 6 NO.
OVERHEADDOORS 7592
ENTRY DOORS— 5 NO.
STOREFRONT

WINDOWS

STEEL STUDS
DRYWALL
PAINTING

LOUVERS & VENTS
IDENTIFYING DEVICES 5 NO.

PLMBG (INCL STORM,NIC 10476
W'SHRM)

HEATING

GAS SERVICES

ELECTRICAL

Figure A—2  MalaidsLid (with Quantities).






APPENDIX

THE WAREHOUSE:
SUPPLEMENTARY
PLANNING DATA

Tﬂe tasks are listed below in outline' form; they name most of the work to be
done in preparing the warehousefor its tenants. The outline is more condensed
than the usua layered Work Breakdown Structureand some may find it easier to
work with. However, the WBS clearly showsthefamiliesof tasksand the namesof
their super-tasks. Each leve of the WBS isgivenin Figure B2 Thereare advan-
tagesto each mode of display: the WBS clearly shows each "'family" of tasksthat
could be scheduledwhilethe outline breaksdown each portion of the projectinto
all itscomponents.

In the outline (FigureB-1), the project isnamed inthe largest type, the stages
o the project arein large type, and the main segments of each arein bold. Each
indentation identifiesa lower levd of detail of the task areaimmediately above.

The arrangement of al the tasks by Levd is straightforward: each family of
tasks in one level covers a complete description o the project at that leved. A
schedulecould bedeveloped usingonly thetasksinoneleve. Thisisquitedifferent
from the outline arrangement of all tasks.
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TO BUILD THE MULTI-TENANT WAREHOUSE

STAGE ONE: BUILDING THE STRUCTURE

TO PREPARE THE SITE

1 Performa Legal Survey of the Site
2 Perform a Soils Analysis
Rough Excavate the Building Area

3 Excavate out the Old Fill

4 Remove the Material
Provide a Solid Soil Base

5 Import Quality Fill

6 Leveland Compact

TO INSTALL SITE SERVICES

(Water, Storm, Sanitary, Electrical,
Natural Gas)

7 Trench & Bed

8 Install Conduit

9 Connect to Municipal Services
10 Backfilland Compact

TO INSTALL FOUNDATIONS

Excavate and Level
Drive Piles
Build and Place Formwork
. . For Perimeter Footings
.. For Grade Beams
. . For Column Footing
Place Steel Reinforcement
Pour (and Cure) Concrete
Moisture-Proofbelow grade

TO INSTALL UNDER-SLAB SERVICES

(Water, Storm, Sanitary, Electrical,
Natural Gas)

19 Trenchand Bed

20 Install Conduits & Risers

21 Connectto Site Services

22 Backfilland Compact

TO BUILD THE STRUCTURE

Construct External Block Walls
23 Mortar Blocks
24 Place Reinforcement
25 Moisture-ProofWalls
26 Structural Steel Column

Erect Roof Structure
Place and Secure Roof Trusses
Install Roof Deck
Install Vapor Barrier
Lay Roof Cladding
Construct Overhang
Install Soffits
Install Flashing
Install Doors and Windows
Paint

TO LAY CONCRETE SLABS (Building Floor
& Garbage Area)

36 Lay Vapor Barrier
37 Place Reinforcement
38 Pour & Finish Floor Surface

TO INSTALL BUILDING SERVICES

Sanitary Plumbing
39 Install and Connect Water Pipe
40 Install and Connect Sanitary Drains
41 Install Fixtures
Storm Drains
42 Install Downspouts
43 Install / Backfill Foundation Drains
Electrical
44 Install Conduits
45 Pull Wires
46 Install Boxes
47 Install Main Panel
48 Install Fixtures
49 Connectto Power and Ring-Out
Heating and Ventilating
50 Install Natural Gas System
51 Connect to Main Supply
52 Install Equipment and Venting
Install Communication System
53 Install Devices
TO FINISH STAGE ONE
Site Work
Roadways and Parking
54 Excavate
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Prepare Bed
Pour Curbs
Lay Paving
Install Walkways
Excavate
Prepare Bed
Forms
Pour and Finish Concrete

62
63

64
65

66
67

Area Lighting
Pour Foundations
Erect Light Standards &
Connect
Erect Fencing for Gas Meter
Landscaping
Import Topsoil
Finish Grading
Plant Shrubs & Sod

STAGE TWO: MODEL DISPLAY OFFICE

Framing
Erect Steel studs
Construct Floor structure
Lay Floor covering

71
72
73
74

Electrical & Mechanical

Install Services

Install & Connect Fixtures
Install and Joint Drywall
Paint and Decorate Office

STAGE THREE—OFFICES TO SUIT TENANTS

(Repeat the above seven tasks for each tenant.)

Flgure B—-1  Warehouse Project: Outline Arrangement of Tasks.

253
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WORK AREA OF LEVELI

THE PROJECT: THE MULTI-TENANT WAREHOUSE

WORK AREAS OF LEVEL Il

STAGE ONE: THE PRIMARY CONSTRUCTION (Substantial Completion)

STAGETWO:  MODEL DISPLAY OFFICE
STAGE THREE: OFFICES TO SUIT TENANTS

WORK AREAS OF LEVEL W—(for STAGE ONE ONLY)

1 TOPREPARETHE SITE
2 TOINSTALLSITE SERVICES
3 TOINSTALL FOUNDATIONS

4 TOINSTALLUNDER-SLAB SERVICES
WORK AREAS OF LEVEL IV (Thirty-Six Tasks)

Legal Survey of the Site

Perform a Soils Analysis

Rough Excavate the Building Area
Provide a Solid Soil Base

Trench & Bed for All Site Services
Install Conduit

Connect to Munic. Services
Backfill

Excavate and Level for Foundations
10 Drive Piles

11 Build and Place Formwork

12 Place Steel Reinforcement

13 Pour (and Cure) Concrete

14 Moisture-Proofbelow grade

O©CO~NOOUITA~AWNBE

15 Trench and Bed for Under-Slab Services

16 Install Conduits
17 Connectto Site Services
18 Backfilland Compact

TASKS OF LEVEL V

Building Excavation
Excavate out the Old Fill
Remove the material
Import Quality Fill
Leveland Compact

Install Reinforcement: (Foundations)
For Perimeter Footings
For Grade Beams
For Column Footing

5 TOBUILD THE STRUCTURE

6 TOLAY CONCRETE SLABS

7 TOINSTALL BUILDING SERVICES
8 TOFINISH SITE WORK

19 Construct External Block Walls
20 Erect Roof Structure

21 Install Doors and Windows

22 Painting

23 Lay Vapor Barrier for Slabs
24 Place Reinforcement

25 Pour & Finish Floor Surface
26 Sanitary Plumbing in Building
27 Storm Drains

28 Electrical

29 Heatingand Ventilating

30 Install Communication System
31 Roadways & Parking

32 Walkways

33 Area Lighting

34 Fencing

35 Landscaping

36 Clean-Up

Wallls
Mortar Masonry Blocks
Place Reinforcement
Moisture-Proof Walls
Erect Structural Steel Column

Roof
Place and Secure Roof Trusses
Install Roof Deck
Lay Vapor Barrier
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Install Roof Cladding Connectto Main Supply
Construct Overhang Install Equipment incl venting
Attach Soffits Install Identifying Devices
Install Flashing Roadways

Sanitary Plumbing Excavate for Roads
Install Water Supply Piping Prepare Bed
Install Sanitary Drains Curbs
Install Fixtures Paving

Storm Drains Walkways
Install Downspouts Excavate for Walkways
Lay FoundationDrains Prepare Bed

Electrical Forms
Install Conduits Pour and Finish Concrete
Pull Wires Area Lights )
Install Boxes Foundations for Light Standards
Install Main Panel Erect Light Standards
Install Fixtures Landscaping
Connect to Power Import Topsoil

Mechanical Finish Grading
To Install Natural Gas System Planting (Shrubs & Seed)

Figure B-2  \Warehouse Project: Tasks by Level of the WBS.

FOR LOWER LEVELS

Further breakdown of theseLevd V tasksinto more detail would require detailed
knowledged the processesaf each task, which isthe relm of thelocal foreman.
Thisadded detail would not improvetheoverall scheduled the project unlessfine
coordination with other such tasks was necessary. In this case, a schedulefor a
sub-project should satisfy these needs.






APPENDIX

A TECHNIQUE FOR
DECISION MAKING

PROCESS OF SELECTION

As an aid to making good, defensible decisions, there is a business process that
charts progress through certain specific stepsin choosing 'best” solutions. This
process appliesto making decisions on very simple " projects” (such as selecting
the most appropriate restaurant) and to much more complex and expensive ones
(suchasselectingthe ' best™ sitefor a new collegecampus). Thestepsare the same
for both but become more extensive and involve greater risks for increasingly
larger and more complex projects.

The processis quitesmpleto apply, but you must make value judgmentsasto
the relative strengthsand weaknessesof the several factorsthat influence the deci-
sion. You must takean "'arm's length” view of your own ideasto dothis, otherwise
youwill invariably concludethat theideayou prefer will automatically be judged the
"best" by your analysis. Remember that the values you assign to each option will
likely haveto be defended in discussion with your colleaguesand critics.

Theaccompanyingtablein FigureC-1 shows how the method worksin sel ect-
ing the ""best* method of "getting to town." Note: The winning score of 680 for
the BUS option isfound by calculating:

(50 8)+ (20 5) + (30x 6) =
400+ 100+ 180 = 680 points

Only the relative valuesof the ratings matter. For example, thereis not much
difference betweentravelingby car or by bus, but ataxi rideistheleast desirable.
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A PROCESS FOR MAKING THE'BEST" SELECTION
YOUR ACTION AN EXAMPLE
1. Study the Objective "TO GET TO TOWN"

2 Investigate alternate ways for achieving My Car, the Bus, Taxi, Biile
this objective

3. Determine all the resourcesnecessary  Gas & Parking, Bus Fare, Taxi Fare, Time
for each one

4. Establishcriteriafor evaluating Low Expenditure
comparing each of the alteratives Short Time
Out of the Rain
5. Give relative ratings for each criterion Cheapest: 50
Shortest Time: 20
Being Dry: 30

6. Rate each method by resources
needed and factor each by the ratings
from #5 | Taxi
i 550

7. Decide on the Best Method The BUS rates highest.

Fligure C-1  The Options Evaluation Table.

Thevaluesyou assignto each option represent their relativevalueto you. ** Cheap-
est" israted 2.5 timesasimportant as being " dry"; perhapsthisistoo extremeand
you might have chosen a different value. Ensure that all valuesin a set honestly
reflect your opinion.

This common method is useful when enough is known about the alternative
waysof accomplishingan objective. Problemsarisewhenrareor nove aternatives
are considered; these are often rejected out of ignorance, whereasallittle research
and andysis, such as was done in the example above, could make such creative
ideas practical and your project more successful.

This common method appliesto personal aswell as corporate decision mak-
ing. It providesarational approach that can be defended when the decision maker
isasked: "Why isthat the best way?"



APPENDIX

A Precedence Grid (P-G) was introduced in Chapter 3. A P-G can be con-
structed from the unedited precedence information you obtained from all your
knowledgeable sources. The project will aready have a Work Breakdown Struc-
turelistingdl the tasks, so your consultantscould comment on the order of doing
thework. They probably assisted in identifyingmany of the tasks.

Starting with these written opinions from your consultants and having aug-
mented them with your own.opinions, you are ready to condenseall thisdataon
one sheet (possibly a large one) by following the proceduresoutlined below.

Other than clarifying conflicts inadvertently presented by your consultants,
the P-G can also beatool for refining the data by removing redundant precedence
information, identifying dummy tasksfor AOA Networks, and finding loopsin
rhelogic.

Weshd | developa P Gfor thetrip acrossthecontinent that wasintroducedin
Chapter 3. The precedence information is reproduced here (fromFigure 3-6):
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LOGICSTATEMENTSFOR THE TRANSCONTINENTALTRIP
"MUST PRECEDE" STATEMENTS "MUST FOLLOW" STATEMENTS

START precedes A A CF&H follow START
A precedes B B follows A
START precedes C C follows START & H
START precedes F D folows E&C
F precedes G E follows B& G
B&G precede E F follows START
START precedes H G follows F

H precedes C H follows START
E&C precede D I follows D

D precedes | END follows |

I precedes END

PROCEDURE FOR DEVELOPING A PRECEDENCE GRID

Lay Out the Grid

Onapieced sguared paper, namethecolumnsand rowsd thegridwiththeletter
symbols (orabbreviations) of al thetasksintheWBS and includea START asthe
first Preceder and an END as the last Follower. The order o tasks must be the
sameorder in therow and column. You do not need a START asthefirst follower
(toprow) or an END as the last preceder (lastentry in thefirst column) because
nothing can precede START and nothing can follow END. The empty grid is
shown in Figure D-1. The “O’s” identify the diagona (whereno " X" entriescan
appear) to help you navigatearound the grid.

Enter 'X's" in the START Row
Theprecedencetablestatesthat tasksA, C, F, and Hal | follow START; thiscan be
graphically displayed very concisaly in thefirst row:
A B CDEFGH | END
START X X X X
Similarly, for the next two rows, we can show "B follows A" and ""E followsB."

A B CDETFGH I END
A X
B X

Wefollow al the precedence statements, translatingeach conditionintoan X in

the appropriate cell in the grid until we have dealt with all the precedence state-
ments. We must check that al rowsand columnscontainat least one X; if a blank
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A B C D E F G H | END

START

A O .

B . O .

C . 0 .

D . 0 .

E .. 0 .

F . 0 .

G . 0 .

H .. 0 .

I .- 0

Figure D-14  The Blank Precedence Grid for the Trip.

row or column isfound, then the precedencelogic isincompleteand moreinfor-
mation is needed. An exception must be checked: if a task has no follower task
stated, the END milestone may be the correct follower "task.”" If atask has mul-
tiple preceder or follower tasks, the P-G will not find missingones; each X should
be checked against the original datato searchfor errorsand omissions.

The Precedence Grid isasimpleway of displayingall the precedenceinforma-
tion in unambiguousterms. It condenses all of the written statementsonto one
simplefigurethat can beinspected to uncover conflictsin thelogic. Thecompleted
Grid isdisplayed in Figure D2

Carefully note certainimportant aspectsof this Grid:

1 The“O’s” mark the diagond, helping you to orient yoursdf in the grid:
thereisan “O” in cdls A-A, B-B, C-C, and soforth.

2. TheX'sinar owshow which tasks follow the task naming the row; the X
in position E-D (row Eand column D) meansthat D must follow task E

A B C D E F G H | END

START X - X . . X .. X . .

A o X . . . . .

B . 0 - - X

C .. 0 X -

D .0 . . .X

E X o - .

E N I

G X .0 . .

H X . . .0 .

| . 0 X

Figure D-2 Complete Precedence Grid for the Trip.
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3 TheX'sinacolumn show whichtasks must precedethetask namingthe
column; the X's in column E mean that B and G must precedeE

4. Thereisno need to include a START column or an END row because
there can be no X'sin them.

5. Wherespacepermits, placethe namesof the Tasksin theleft column next
totheir symbols. Alternatively, the namescan be placed above the row of
symbols. The names help in checking the work.

Inrecordingthetask logicinthisGrid, youfill inarow at atime by noting the
tasksthat followthetask namingthat row: for example, A,C,F, and H are " X-ed"
inrow "START." Or you canfill inacolumn by noting whichtasks must precede
the task namingthat column: that is, C and E are™ X-ed" in column D becauseD
followsboth Cand E

USES FOR THE PRECEDENCE GRID

Other uses can be made of the Grid: it isa simpler way of identifying duplicated
precedencerelationships. Clearly, every task must beginafter the START but only
afew begin immediately after. In the alphabet, for example, al the other letters
comeafter "A," but only "B" comesimmediately after. In the above Grid, Tasks
H and C are required to follow START, but in row "H," Cisalso required to
follow H. Thislatter requirement a so meansthat C must follow START, because
H alsofollowsSTART, inrow START. It refinesthe requirement that C isto start
after theSTART milestone, but not immediately after it. The X incell START-Cis
redundant and unnecessary.

The Grid canidentify potential redundant logic statementsin the basic prece-
dence information. For example, look for a row and a column having multiple
"X's" inthem that shareacommon " X" at their intersection. FigureD-3 showsa
row and a column separated out from the full Grid.

In thiscase, when three X's form the cornersof a square (row H and Column
H), the X at the intersection of the row and column is unnecessary and could be
removed without losingany logic. It would smplify drawing the network because

Flgure D-3  Segment of the Precedence Grid to lllustrate Redundant Data.
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A B CDEFGH IMEND

START X . X . X - X - . .

A 0O X e

B 8 & . X

C - 0 X ..

D . 0 - X

E X 0 .

F - - 0 X

G X . 0 - X

H X -0 . .

I - 0 - X

M X O

Figure D4  Augmented Grid to Exhibit Potential Dummy Tasks.

onelesslink would need to bedrawn and it would removethe resulting confusion
from the drawing problem.

In another casethat lookssimilar, duplication of thelogic may be present but
you must study it closely to understand what it means. Here, if anew Task M were
added to represent Bill's mother's bustrip from Fresno to meet the group at Reno,
then the PrecedenceGrid would expand asshown in FigureD-4. New precedence
linksoccur at M-l and at GM . Notethat START-Cand G-D indicatepossibilities
for redundanciesor dummy tasks (inAOA networks).

If weseparate out (FigureD 5) row "'G" and column"E," each of which have
multiple” X's" and intersectat cdl G-E, it lookslike a redundancy but it actually
sgnifiesa need for a dummy task in the AOA network. It is not a redundancy

END
START

S-IOTMMUOwW>

Figure D=8  Portion of a Grid to Exhibit Need for a Dummy Task.
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(Followers)
JACK  SALLY M
JACK O X X*
(Precedes) SALLY (0] X
IM X* o

Figure D-8 A Precedence Grid for |dentifying Loops

becausethe X's are not symmetrical about thediagonal . A redundancy would exist
if therewerean X in cdl I-M. When a dummy isidentified in the P-G, mark it by
circling the X to remind you to take it into account when you are drawing the
AOA network.

Loops in Network Logle

The Grid can discover logic loopsin a network. A complex chain of precedence
relationshipscan producea loop. A simpleoneis' Jack isolder than Sdlly, Sally is
older thanJim, andJm isolder thanJack.” Thiscontainsan error inlogic because
it saysthat Jack is both older and younger than Jm—we are unsureof Sdly's age.
Theserelationshipsare displayed in Figure D 6.

Theplain™X's" are uncontested, but the relationshipsmarked with the “X*”s
arein mutual conflict. Here, theconflict isin cellsJIM/JACK and JACK/JIM; they
state that Jack and Jm are each older than the other! When there are X's in
symmetrical locationsin the Grid, thereisan error in the logic. The P-G does not
giveany clueabout which statement isincorrect; they cannot both be correct and
onemust be removed. If wefind that Jack is younger than Jm, then the correct
order becomes.

JACK >>> SALLY >>> JIM

and the X* must be removed from the JIM/JACK cell.

Thisisnot aredundancy situation becausetheoff-diagonal cellsare symmetrical
(¥/j and j/i). However, thereisa redundant X remainingthat isindicated by the2 X's
inrow "JACK" and 2 X's incolumn"JM": theX* incdl JACK/JIM issuperfluous.
Figure D-7 shows the Grid with the loopsand the redundant X* removed.

(Followers)
JAK SALLY UM
AXK o X
(Preceders) SALLY (0] X
IM o

Figure D7  Loopsand a Redundancy Removed
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DRAWING NETWORKS
FROM PRECEDENCE DATA
FOR THE WAREHOUSE
PROJECT

S ketchingout thefirst draft of your developing network requiresalarge piece of
substantial paper, a soft pencil (for easy erasure), an eraser, and patience. Usinga
ball-point will strain your patience and add to the amount of paper you will
consume. A chalkboard is a perfect medium for your early networks and, after
much easy editing, you can makeyour first paper copy with increased confidence.

Much timeand effort can besaved by referringdirectly to the PrecedenceGrid
rather than working from your original written record of precedenceinformation.
Usethefina copy of the P Gafter you have refined and edited out the redundan-
ciesand errorsin logicfrom the origina. Even if some were missed, the network
diagram should make them morevisible.

DRAWING THE BUBBLE (AON) DIAGRAM

Every network diagram (AONand AOA) must begin and end with the milestones
START and END. Thediagramscan bedrafted out, beginningat the START and
working forward through the diagram, or beginning at the END and working
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backward through the diagram. Often you may do both, depending on the com-
plexity of the relationshipsamong the tasks.

When you are placinga new bubble on your growing diagram and preparing
tolink it, ask yoursdlf these questions, dependingon whether you are developing
the network forward from the START or backward from the END:

""Forward" Development: "' Beforel can placeand link the next task bubble, which
tasksmust becompleted?’ (Theyarethe X'sinthecolumnof thetask youwant to
place)

"Now that | have placed and linked this task bubble, which bubblescan | now
placethat depend onitscompletion?” (Theseare the X'sin the row of the bubble
just completed.)

Figure E-1 illustrates" forward" development of bubble diagrams.

"Backward" Development: " Now that the current task bubble is placed, which
tasks must immediately precedeit, so | can placetheir bubbles?* (X'sin the col-
umn of the bubble just completed.) Thisquestion may help to resolvesomeissues
but most schedulers begin drawing at the beginning, not the end of the project.
Figure E=2 illustrates™ backward™ development of bubblediagrams.

Asyou ask yoursdf these questions while you sketch out the network for the
first time, read the names of the tasksand consider whether the order makes sense;
itisanother check on thedetailsof the PrecedenceGrid. Never assumesomethingis
correct just becauseyou developedit. It isasafe practicetodightly distrust your own
work just as you would distrust someonedsgs Overconfidenceleadsto errors. A
sure check on your network is to make up a Precedence Grid or a PrecedenceList
based solely on your new network, without reference to the origina data. When
completed, compare the new P-G with the original. P-Gs are better than lists be-
causeyou can lay one P-G over the other to make the comparison.

START - ®

ROWRSMAT T —

IN THE P-G FROM ROW 1
IN THE P-G

Flgure E-1  'Forward" Development of Bubble Diagrams.
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FROM /FI"ENP:Z'UL%Q!N
COLUMN *23
INP-G ~\

FROM
COLUMN “24”
INP-G

Figure E-2 '‘Backward" Development of Bubble Diagrams.

FIRST DRAFT BUBBLE (AON) NETWORK FOR THE 24-TASK MODEL

ThePrecedence Grid for thismode of theproject isreproduced herefrom Chapter
4 (Figure4-11). It is the bass for drawing the AON and AOA networks. See
FigureE-3.

During sketching of the draft Bubble Diagram, we discovered two oddities
when we were placing the followers of task #13: tasks #11 and #17 also were
followersaof task #10. Thefirst two sketchesin Figure E—4 show thefollowersof
#10 and #13 separately, while thelast one shows how the two can be combined.

The problem arose because two redundant links were not removed from the
P-G diagram: links (10111)and (10/17) were linkscommon to their rows having
multiple”X's” Redundantlinksarereadily found during thedrawingstage, when
such task placement problems appear. Thecompletefirst (rough)draft appearsin
FigureE-5.

The completed second draft of the AON diagram appearsin Figure4-12 in
Chapter 4. Thefinal formdof the AON diagram (Draft#3) appearsas Figure4-13.
These refinements adjust the layout and the neatness of the diagram to increase
clarity and baance. Try to satisfy thefollowing ruleswhen clarifying the diagram.

1 Ensurethat al links " move” with timeto theright.
2. Useno arrowheads; time always movesto theright.
3 Pacethetasksin a patternthat helpsin locatingthem in the diagram.



PRECEDENCE GRID FOR 24-TASK MODEL--(for Stage One only)

Units +10 +20 E
123456789012345678901234N
D

START X .
Survey 1 OX . X
Soils 5 .0X . .
Excav 3 0 X . ..
Base 4 0. X . .o
Sew. 5 O. -X X .
Piles 6 OX X - .. e
Found 7 0 - X CoX .
USlab 8 o . X -« .« . .
- Walls 9 . 0 X . AR ..
Roof 10 - OX . X .- XXX
Doors 11 . OX . . . . ...
Paint 122 - N o B O
Conc 13 . X O M s S A RS
Plumb 14 . O « « « « e e X
Drains 5 - O . + « « « « « X
Elect 16 - oOX . .......
HVAC 17 . 0. . " "X . .-
Commun 18 . O . .- X
Roads 19 . oOXX . . .
Walks 20 - oO. . X . .
Lites 21 . o. -X.
Fences 22 . OoO.-X.
Landsc 23 - O - X
Clean 24 . O X

Figure E-3 The 24-task Precedence Grid for the Warehouse.

(i) it
- @
(0) g THEN: (i3] 0 g
18
17)
REDUNDANT
LINKS
(SEE P-G)

FigureE 4  Odd Linkagesin Bubble Diagrams.
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4. Minimizethe cross-oversby repositioningtask bubbles.

5. Look for redundant and inconsistent linksthat were missed during analy-
sisof the P-G, and removethem.

6. Itisuseful to add a few task namesto the network to maintain realism
about the network. You can often assign a generd name to a group of
related tasks.

DRAWING ARROW (AOA) NETWORKS

Arrow (AOA)diagramsare differentfrom Bubble diagramsand you should never
try to draw an Arrow network by referring to its Bubble diagram because its
graphical building blockswill confuse your understanding of the links. Also, be-
causeerrorsinonediagramcan betransmitted to the new network, alwaysrefer to
the original PrecedenceGrid for the fundamental linkinginformation.

The process is the same as for AON diagramming: begin with the START
milestoneand draw an arrow from it for each task that followsit from the START
row of the P-G. Placea small circleat the end of the arrowhead and identify the
task with a name or its number from the P-G. Task arrows #2 and #5 emanate
from the end event of task #1. The start of the AOA network appears in Figure
E-6. Try to haveall arrows ™ move" to the right; arrowsdo not haveto bestraight
or awaysmoveto the right for the draft, but wandering linesare difficultfor the
eyeto follow and can lead to confusionand errors.

Thisfirst draft of the network (FigureE-7) showsall links appearing on the
P-G plus quite a few broken lines that appear to be dummy tasks: only a few of
them are. Most of them are broken lines drawn to extend "'floating™ task arrows
to their proper end event which was not there when the arrow was first drawn.
Recall that, when atask arrow isdrawn, weseldom know whereitsend event will
be placed. Asother arrows are drawn, thesehanging™ events from earlier tasks
can be connected to the real end event with atemporary dummy task. In the next
draft these extensions become solid lines unless they are real ""dummies.” Task
#15 exhibitsthis. See Figure E-8.

Notethesimilarity of the AOA tothe AON diagram near the START, but also
noticethe differencesfor the tasks after task #10: three dummy tasks are needed.
Two were noted on the P-G (10-13and 13-17). The dummiesare necessary when

#2

#5

Figure E-6 Beginningthe AQA Network.



Figure E-
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/ NOT NEEDED

Figure E8 Adjusting 'Hanging" Events in the Next Draft.

atask followsmorethan oneother task; a Task Arrow can start at only oneevent.
Because Task #13 followstasks 8 and 10, onedf the linksmust bea dummy. The
same appliesfor task #17, whichfollows#16 and #13.

Thethird dummy must bethere becausetasks#14 and #18 both start and end
at thesameevents. Thisisnot allowedfor AOA networks becausetasksare code-
named by their start and end events. Thesetwo taskswould be identically named
unlessweintroduced the dummy event and then linked it to the original end event
of task 18. The need for this dummy cannot be predicted from the P-Gnetwork.
Figure E-9 displaysthefinal Arrow diagram for the 24-task model.

NUMBERING OF EVENTS ON ARROW DIAGRAMS

For consistency with some calculation methods on Arrow diagrams, the events
must be properly numbered. The ending event (at the arrowhead) of every task
must have a larger number than its starting event. In AOA systems, the tasks are
named by their terminating events. for example, the task arrow starting at event
#38 and terminatingat event #43 iscalled"TAXK (38,43).” These numbersdo not
haveto be in numerical sequenceaslong asthe "bigger-at-the-arrow-end” ruleis
followed. In cases where more tasks might be added to the network later, the
initial numbering schemecould anticipate this by namingthe eventsas 10, 20, 30,



18
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'ROOF SUBPROJECT

#5 MY A0

Flgure E-10 Options for Numbering Events.

40, etc., or even 100,200, etc. Usng these large numbers allows interjection of
intermediate tasks without any renumbering of the existing set and still satisfies
the numberingrule. Figure E-10 shows how theseadded tasks could be indluded
without renumbering any eventsof the network.



ACTIVITY: anaction that consumesresourcesand requirestimeto accomplish
itsobjective.

AUTHORITY: "Theright to command and to enforce obedience; the right to
act, decide, etc.”” Authority should be assigned simultaneously along with
responsibility, because responsibility is usdess without an appropriate
amount of authority. For example, you may be given the responsibility for
arranging a party for 500 people, but if you do not havetheauthority to place
ordersand write checksto pay the hills, it will not be much of a party.

AVERAGES TheSmpleAverageof aset of numbersistheir sumdivided by the
number of itemsin the set. The Weighted Average (asin PERT time calcula-
tions) requires knowing an *'importance” factor for each item in the set of
numbers: in PERT the middle number of the three durations (&, b, and c) is
consideredto befour timesasimportant as the other two in calculating their
weightedaveragevaue: Weighted Average = (116)of [1x "a" +4x “b” + 1%
""c"]. Thedivisor of 6 isthesumof (1+4+ 1).Other weighted averagescould
becalculatedin the sameway for other applications, when the relativeimpor-
tance of each member of the set to be averaged is known.

FORWARD AND BACKWARD TIME CALCULATIONS The FORWARD
calculation for the Earliest Start Times of every task begins at the START
milestone (usuallyset at Time Zero or aspecific calendar date) and calcul ates
the timesthrough the network to the END milestone. The BACKWARD cal -
culation begins at the END milestone (usually using its Early Time or a se-
lected calendar date), and worksin the reversedirection through the network,
thereby determiningthe Latest Start Time of every task.
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CALENDARDAYS See"DAYS'

CONSTRAINTS:. "Theuseof force; coercion. Confinement or restriction.” In
the context of scheduling, a constraint placesa restriction on our freedom to
schedulea particular task or group of tasks. *"BAD" weather constrains our
activities; "' The Senator will beformally opening the buildingonJune 16" are
restrictionson our direct construction activities.

CONTINGENCIES: Unfavorablethingsare expected to occur during a project;
some can be named and others cannot, but experience tells you to make an
allowance for them. These allowancesare called contingencies, that is, the
need for themiscontingent on the 'thing™ happening. Theform of theallow-
ance can be money, a resourceand, in thiscontext, time.

CONTRACTOR: A person (or company) who signs a contract to perform cer-
tain dutiesfor an owner or another contractor with theintention of achieving
well-defined objectives.

CRASHING: A techniquefor speeding up the work to reduce the duration of a
project by increasing theflow of resourcesto certain taskson thecritical path.

CRITICALPATH: TheCiritical Pathismarked by the sequencedf tasksthrough
the network having zerototal float. Therewill beat |east onecontinuous path
fromthe START milestonetothe END milestone based on the timesfrom the
simple Forward and Backward calcul ations.

(STANDARD)CREW: Thetypically "best" crew for the job at hand. It is not
necessarily the fastest crew but it is the crew producing the most output per
worker.

DAY "ZERO": Projectsareassumed to beginat theend of the (imaginary)shift
precedingthefirst shift of the project. That is, thefirst day of work istakento
begin at 5:00 P.M. of the previous day, the instant when that ""day" ends.
There isno break in the flow of time; the work-daysare assumed to betied
together end-to-end: 5:00 P.M. on Tuesday is identical to 8:00 AM. on
Wednesday, when the shift endsand the next one begins, becausethereisno
overnight construction activity.

"DAYS' (PROJECT DAYS AND CALENDAR DAYYS): Project Days are the
number of working days since the beginning of a project whereas Calendar
Daysarethe number of dayscounted on acalendar, including holidays, week-
ends, and so forth. Calendar Days determineinterest owed whereas Project
Daysare a measureof time spent working on the project.

TODECIDE: Literaly, theword means"to cut away." Hence, when you decide
something, you select one option from among a group of alternate choices,
according to some stated or accepted criteria. In effect, you are removing
options (and reducing complexity) when you makea DECISION.

DURATION and TIME:  Durationisthe el apsed working time betweenthestart
and completiondf atask. Timeisaninstant in the passageof time, marked by
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some event. For example: " The excavator began at 0800 hrs on August 13
(*"time")and completedthe jobat 1600 hrs on August16 (**time™) —thedura-
tion was4 working days.

NOMINAL DURATION: The time required for the STANDARD CREW to
completea well-defined work assignment.

MINIMUM DURATION: The absolute shortest timefor a crew to completea
work assignment under full crash conditions.

AN"EVENT": can beconsideredto bethe oppositeof a task. Anevent hasno
action, noduration, and no consumptiondf resources. ItisaPOINT INTIME
and signals only that an objective has been reached. A MILESTONE is a
specia event, suchasSTART OF PROJECT or PHASE ONE COMPLETE.

EXPEDITE: Totakeactionexpressytospeed up a process, especialytheacqui-
sition of the resources necessary for a construction task. It isa major activity
to ensure that suppliers are making progress toward the manufacture and
delivery of materialsthat may not be needed for weeksor months.

EXPEDITERS. Personsassigned the responsibility of carrying out the continu-
ing choresof expediting.

FAX: Facdamiledf a page transmitted (electronically)over telephone'lines

FLOAT: FREEFLOAT istheamount of timeatask (i) can be delayed without
affecting the Start Time of any task (j) followingiit, (EST; = EST)).

TOTAL FLOAT of atask issimply the difference between its Earliest and
Latest Start Times(LST; - EST,).

FREQUENCY DISTRIBUTION: A graph used in statisticsto show the number
of timesa certain value hasoccurred: for example, in a classof 240 students,
25 wereaged 20,120 were21, 60 were22, and 35were23. The numbers25,
120, 60, and 35 would be plotted against their respective age valuesto pro-
duce a Frequency Distribution of Student Ages

GANTT CHART: Another namefor a BAR Chart, whereeach bar representsa
singletask. The LENGTH of each bar representsthe duration of thetask. The
endsaf a bar mark theSTART and ENDeventsdf thetask. Generally, succes-
sve bars are shown below a preceding bar. Henry L. Gantt was an early
innovator in the United Statesin the practiceof Scheduling.

GOAL: "Something(statedingeneral terms) toward whicheffortisdirectedthat
describes a desired end.” An exampleis, "(My Godl is)... TO BUILD A
GARAGEON MY LOT....” The GOAL statement isanother way of assign-
ing a name to a PROJECT. OBJECTIVES are more specific in nature and
"flesh-out™ the Goal Statement. An objective usualy includesa target date.

HISTOGRAM: A graph showing how the value of something changes with
time. Inscheduling, acommon histogramshowsthe number of workersonthe
site from day-to-day over the duration of the project: thiswould becalled a
"Manpower LoadingHistogram."
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LOOP: A loopisanerrorinthelogicof precedencestatementsand is not pos-
siblefor rea systems; an exampleis A followsB, B followsC, and C must
alsofollow A"

MARSHALLING: Theanion of arranging al the resourcesso they areready to
be deployedtoatask. Placinganorder at theunion hall for 13 carpentersto be
on the jobon Monday (and ensuringthey will bethere) isoneact of marshal-
ling a resource.

MILESTONE. A specid event, such as START OF PROJECT or PHASE ONE
COMPLETE.

MONITORING: "To advise, caution or WARN." It is necessary to watch
progressaf actual work accomplishmentand compareittowhat was planned;
any deviation from the plan must be observed, noted, and evaluated asto its
effect on achieving the GOAL of the project. If the effect is negative, then
corrective action must beapplied by the manager. Monitoring employsobser-
vation, measurement, comparison, and communication skills.

NETWORK: Any graphical array of pointsinterconnected by linesisa network.
When the points are symbolsfor tasks, such a network becomesan Activity-
on-Node Network (AON); when the points are eventsand the linksare task
arrows, the network iscalled an Activity-on-Arrow Network (AOA).

NUMERICAL PRECISION: The precisenessof a number isknown by the num-
ber of digits used to quote the number: 6.6 means the actual number lies
between 6.55 and 6.65 but weare not surewherein that range. 6.62 indicates
that theactual number lies between 6.615 and 6.625. We must beconfidentin
the last digit quoted.

AN OBJECTIVE: A specifictarget that isonecomponent on the way to achiev-
inga GOAL. Many dictionariestreat Goalsand Objectivesas beingthesame,
but for our purposesit isimportant to differentiate between them. An Objec-
tive must be measurable (sothat | will know, without any doubt, that | have
reached it). Often, a time limit or date forms part of an OBJECTIVE. For
example, " The roof must be in place before September 15."

PERT: Program Evaluationand Review Techniqueisan Activity-On-Arrowsys-
tem applied extensively by the US Government in the early 1960s. It was
applied to computer-monitoringlreporting of progress on very large multi-
project contracts.

PRECEDENCE: Inthecontext of scheduling, precedencemeans' comingimme-
diately beforein time" Furthermore, it demands that a task must be com-
pleted beforethe subsequent one can start.

PRECEDENCEGRID: A sguarearray of X-markson squared paper that indi-
cates which tasks must follow other tasks of a project. Symbols for the
"follower™ tasks (haming the columns) appear across the top of the sheet
and an identical column appears down the left side (naming the rows). If
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task K must follow task G, thenan X" isplaced in thecdl in row "G" at
column"K."

PROBABILITY: Probability isa measureof the chancesof something happen-
ing, usualy quoted as a percent (%). It is based on a person's experience,
recorded data, or enlightened guessing. For example, thereisa 47% chance of
rain on October 31, based on weather records for our city over the last 72
years; or thereisachanceof oneinfourteen millionof winningthelottery this
week, when expressed as a fraction (1in 14 million = 1 + 14,000,000 =
0.0000071%).

PROCURE/PROCUREMENT: Accordingtothedictionary, procuremeans' to
obtain by some effort or means; to acquire.” A good synonym s *'to get."
Resorting to jargon once again, industry has introduced the word " procure-
ment" instead of using the dictionary word " procurance,” whichisthe " pro-
cessof procuring.” Procurementinindustry hasa broader meaning, covering
the wholeactivity of getting resources (expertise, materials, equipment, etc.):
ordering, checking progress and quality, and ensuringthe status for delivery
(at the right time and place).

PRODUCTIVITY: Theunit rateof producingwork. If afive-mancrew can lay
7500 blocksin § days, then its productivity is 1500 blocks per day and the
productivity per man is therefore 300 per day or 40 per hour. The “-ivity”
indicates" unit rate."

PROJECT DAYS See"DAYS"

QUANTITY TAKE-OFF: A term used in estimatingthe ultimate cost of a con-
struction project. An Engineering Economist or a Quantity Surveyor deter-
minesthe quantity of each material required for each part of the project.

RESOURCE: Anything that is needed to carry out the work of a task. Most
resourcescan be grouped into materials, equipment, expertise, money and,
occasionaly, timeisthought to bearesource; it isnot consideredto beonein
this context.

RESPONSIBILITY: "Answeringlegally or morally for the dischargeof a duty,
trust or debt.” In an organization, individual sare assigned responsibility to
carry out specifickindsof tasks. Senior personnel assign specificresponsibili-
tiesto more junior personnel in the hierarchy. For example, aforeman telsa
carpenter sheisresponsiblefor buildinga wall.

RISK: The chance of encountering harm or LOSS. In business, loss is usually
measuredin termsof anamount of money; but lossof time, or any of theother
resources, could result in an inability to reach an objective or even the GOAL
of the project. Different levels of risk must be evaluated and compared in
order to salect the one having the least chanceof causingdamage. Thus RELA-
TIVE RIX affects decision making.

SCHEDULE: Asa noun: "A written or printed statement specifyingthe details
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of some matter.” "A detailed and timed plan.” Or, used asa verb: " To ap-
point or plan for a specifiedtimeor date.” Intheframework of this course of
study, we will look at ** Scheduling™ as placing certain tasksinto specifictime
periods to satisfy the pressures required to execute a contract or plan. The
performance of these tasks will have to fit together under the.pressure of
CONSTRAINTS, whether they be forced on us from external sources or
whether they have been self-induced.

S ACK TIME (of anEVENT): ThedifferencebetweentheEarly and LateTimes
for an event defines the SLACK TIME for that event. The floats of the task
bounded by two eventscan befound from thedack timesof theeventsand,the
duration of the task.

S IPPAGE: The growing disparity between actual and scheduled progressin
meeting deadlines (i.e., reaching critical objectives), usualy from unclear
causes. In contrast, unresolved crises can cause abrupt dislocations in
progress, with major effectson the schedule.

SOFTWARE: Computer jargonfor acomputer program or family of programs.
There is DOS software (more than 60 smal programs under the name
"DOS")and " Super Project Extra," afamily of smaller, specific programsfor
scheduling. Thereare also general groupingsof types of softwarefor faxing,
communication, word processing, games, and so forth.

SPREADSHEET: A tableis used for repetitive manual calculations but a table
becomes a Spreadsheet for computerized tabular calculations. The term is
borrowed from accounting.

STANDARD DEVIATION (SD): Thisisa specia typeof average used to mea-
sure the average "' spread™ of a frequency distribution. See Chapter 11 for
details.

STRATEGY: ™A plan or technique for achievingsome end.” There must be a
plan that describes how you are going to reach a specific objective; in fact
there should be severd (aternative) plans for reaching an objective. Thisis
where a creative imagination and/or experienceplay a rea part. The report
covering these strategiesfor a project are often called Strategic Plans.

TASK: Anactivity that isdirected at achievingan objective.

TASK SPLITTING: A techniquefor reducing the duration of a project by split-
ting a task into several shorter segments to allow a following task to start
earlier.

"TICKLER SHEET": A table o target dates for procuring every resource
needed for a project, including thelatest dateto placethe order, severd inter-
mediatetarget datesand, finally, thelatest delivery date that will not delay the
work.

TIME: SeeDuration and Time.

EARLY TIME: (of an Event[in PERT]) Thelatest finishingtimeof all the tasks
terminating at thisevent. (Determined during the Forward-Passcal culation.)
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LATETIME (of an Event [in PERT] ) The earliest starting time of all tasks
startingat the event. (Determinedduring the Backward-Passcal culation.)
WEATHERWINDOW: A westher window isaspecific period of timeset aside
in a schedule, during which a wesather-sengitive task can occur. Its duration

dlowsfor theexpected bad weather and the task.

Note Thereader isadvised to extend thislist as new termsare encountered.
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smoothingdaily crew allocations, 145~
148
total effort and averagecrew 9ze, 14 4
145
Standardized symbols, 42-44
activities, 42
events, 42-44, 43
milestones, 4244
Statistical study of the construction of the
Suez Canal, 195-196
Statistics, 187-189
and construction, 187-189
basicconcepts, 187
probability of finishing early or late,
192-193
terms, 188, 196198
using statistical theory, 190,191
Super-task, 55-56, 56

T
Task splitting, 162
on bubble( AON)diagram, 166—168,
166,167
Tasks, 31
Tickler sheet, 123,131-135
four stepsfor creating, 135
updating, 131-134, 133-134
using, 134-135
Time, 68-72
calendar, 69-70, 70
duration units, 70
importanceof good estimates, 71-72
numerica precision, 70
project, 69-70, 70
Timecalculations
on arrow networks, 92-93
earliesttimeof an event, 93-94, 93
latest time of an event, 94, 94
on bubble diagrams, 86—89
backward; 87-89, 88
forward, 86-87
Total project costs, 174
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Variabledirect costs, 171-173,172,173

w
Weather
combined conditions, 110
ddays, 106
estimating, 108
incorporatingweather effectsinto
networks, 111,113
parale case, 113-114
sriescase, 111
mechanized cal culations (on
spreadsheet), 110-111,112
statistics, 106-108, 107
window, 109-110
Work Breskdown Structure (WBS), 11~
28
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achievinggoal sand objectives, 16
applicationsfor, 20-25
document preparation, 24-25
information flow and progress
reporting, 23-24
responsibilityand authority, 21-22,
22
schedules, 20-21, 22
workforce planning, 22-23, 23
developing, 17-20
deciding on best option, 19
knowledgeand experience, 17, 19-
20
szed aWBS 18-19, 18
technology transfer, 20
dividing projectinto components, 16—
17
Workforceplanning, 22-23, 23


















