G @ | TOGETHER

!{’\N i D/? L&y

=S~ vears | for a sustainable future
OCCASION

This publication has been made available to the public on the occasion of the 50" anniversary of the
United Nations Industrial Development Organisation.

’-.
Sy
B QNIDQI
s 77

vears | for a sustainable future

DISCLAIMER

This document has been produced without formal United Nations editing. The designations
employed and the presentation of the material in this document do not imply the expression of any
opinion whatsoever on the part of the Secretariat of the United Nations Industrial Development
Organization (UNIDO) concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries, or its economic system or
degree of development. Designations such as “developed”, “industrialized” and “developing” are
intended for statistical convenience and do not necessarily express a judgment about the stage
reached by a particular country or area in the development process. Mention of firm names or
commercial products does not constitute an endorsement by UNIDO.

FAIR USE POLICY
Any part of this publication may be quoted and referenced for educational and research purposes
without additional permission from UNIDO. However, those who make use of quoting and
referencing this publication are requested to follow the Fair Use Policy of giving due credit to
UNIDO.
CONTACT

Please contact publications@unido.org for further information concerning UNIDO publications.

For more information about UNIDO, please visit us at www.unido.org

UNITED NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION
Vienna International Centre, P.O. Box 300, 1400 Vienna, Austria

Tel: (+43-1) 26026-0 * www.unido.org * unido@unido.org


mailto:publications@unido.org
http://www.unido.org/







TMLESRE PR PR A LT L LR AL

ST Bl Pl 9700 WY kY O N VTR

PREPACE

CRAPTER | INTMCDLC™T T N RN w T T

4 Teners] o
i ™e ope ! LA e rt
The Appooa ™ 0 ' g depeort

NET B, NGRS
Ve Lol A [eper Mode

AL Disagresmirng Metrods
A e Arrow
A.lh Precsdernce o

AL eveloment f the Network "iagreas
[ar & "roject Taplementatio lan
AL Creparation of a list »f project
activities .. .. ... ..
sngtruction of an original
oject networs Aiagres
.00 Netter presentation of the
networs diagran 7 & preieat
siplementation plan
leveloping Project icheduling lata
Communicating the Implenentation Plan

and Schedule . e
controlilirg the .1oject .., .,

CHAPTER J. NETWORK MECHANICS WITH APPLICATIONB TC UPDATING AND
DEVELOPMENT OF SUBNETWORKS

A. Introduction ............ccveiinnninnnns
B, lag Values ..............c¢ce0iivneennnn.

3.1 Transmission of Changes ...........
B.2 Changes in lag Values .............




THASTHR

CHAPTER &,

CHAPTER 6,

{

[S sA

Netwe, ri ‘ntere.
Wlmi ing ot B

tiom Limye
Mtinl ete |

Methods £ vating

Total Pl rat "eup
SLE et we pkc g N

TINE-COST TRADE-OFPG

A,
B.

v

&,

Introductin ..

Jevel ormert Af

“rfect{ive Apprlicaty

offe ..., ...

Manual Resource

C.1 Case I - Limfteq Resource

C.3 Case I1]

,,,,,,,,,,,,,,,,,,,,,

.................

................

R

........ LA NN

The re ject ‘ime~'05t Relg
he Activity Mmne-{o

the Project T

LY

e sy

.00.!00‘.‘&0‘0.

tionshi ..
at F@eutimshipa .

e

LR

e-Cost Curve

an of ™{me-Cost Trade-

Allocation Procedures -

LI ML LI A Y

- Projects of

MULTI1-PROJECT RESOURCE ALLOCATTON

A
B.

C.

The Mult{-Project Probles

A Procedure for

Allocation R

Discussion of o

Fessibility of
Joint Applicati
A Frocedure for

MR N I I I R,

Mul?,i-Pro,)act Resource

Sample Problem

*re 00

u;r.)g Duration ,,

.o o0

oaa.oc.ooc.acoc

Independent Applications ,

on 000 s00 0000

Combined Appli

11

® s 000,

oattooo.oaootoo.

cations

e

*e e

4
76

3

100
104

107
109

17
119

129

132

139
138

LY
1h2
144




11

12

13

Pre:edence Nugramming with an Event for
Simplificatiorn

Precedence razram ...,

Comparisan of “resentation Methods for

a Project Inplementation Plan
Originel Network Diagrar of a Pre ject
Implenentation Plan et erecartta e tenenanne
Sequence Step Precedence Magram ............

Time Scaled Precedence Diagram ....................
FPorvard Pass Calculations D
Backward Pass Calculations

Activity Total Float Calculations tesrteescsaresncann

Activity Free Float Calculations “erereensieascnasee




O
ST o
R LA FOR]

FOR &
Faom oy

oW e
P I S0 4

i’ f)'}*’,. Ty
0 _‘L’A!ii_d}

TIGURE b
TOU
eI7 Lo
“LGURE L3

TUAURE L

#4 B o

S S S
P ine t
Prittig

Valiel

A N

R LA T
sy ¥ i

‘wWor
{ ety
T it Loy €
Ut trer s
Do Tevdogy)
o el eal

I'sr

tath |

Turation Change

i Cyele for rirat{or “hange |

‘,z}\ +

Tieloited

caoretwe b

r Nerwe

Chedniling (ata

L

for 1st % -lay Feriod

Lurctuork var tma Y-lay Deriod

oy

Sy ot

e-Mrect Cont

Lurve

16 et Vime-iutel Cogt Turve |,

Act vty

ime=ng", Turveg

froject matwork

°rojcet Time- Cost Data , ..

Summary Sheet |,

Selection

Lag Gheet

Sheet

e e,

R I P R

LR A AR

P s 0000

LA S

iv

R R

»

L]

*

*r00.

3

&2

™

73

75
78
78

g B g g

& R




Ok
Fl . me
#1AMWE
Fi1RE
1AMy
FICURE
FLGURE
M1V RE

FIGURE

FIGURE
FIGURE,
“IGURE 07

FIGURE (4

e O eer [ Uyeole
heet L yele
Geet |
Came s hesr
Lt o Sheet |
e hest o Cyrle )

Srfect 07 NID on oxpeditir, ... .

Sample letwork witt, lesource dequl rement s

Jehedul'n s Tmta far arple lietwork e

sevelomient Hf lesources “chedules
bBased o Arly tarts .,............

Resource Schedules in Chart Form - Early Start
Regchedulin within Pres Float Ranges .........

Rescheduling to . eet Resource Restrictions ....

Final Resource Schedules in Chart Form ce e






el ping

Plee 7 The 7. Few s, oo

trimd Locelopmrt prougy amen

v oatest Yy bR coagren T R I

most Countr. o8 Tl oo Wttt fnt oad e 4

Lown fatlare Y0 acbhleve a0 847 .. o .v.r .a*is’a
Experience "ag stomr that .o R R e AL A

comings tr their  CFort o dmplemer t Lot ac e RS,

b
whict vary wremt.y , ar- A ooe Lot wm, Py . Mg br Lst et pv.

.

and kv ger (AL natures | wr L o S R S IR G

conmntry .

2. Hondary p 4t Lesomane BPTHRT Rt 4t pecwr t frtermat! el e’ rge omnd froe
reporte »f experts of the T ited bl -we wve o Proarmoe. anl oy
interrational advis rs, that arony the vari w.é fact wre ~or triouting te
thes shortcomings, that 0 prourmmmin: an? entrol ~f irplementat {ow
Irdustrial projects (s > paremourt importan: Moo Ffermal o approact oard
proc «lur 8 nmve beor. avallat.. whe by {rpl mentati « ars pre ramemir far
implemenitation are considered us 4 4yramic procoes . vt abgonc, of
theee, ro successful plan »f nperatican nor offectiv. imply mentation gc et
iing could be prepared and huenco, mrojects will e hampores by leiays and
overrrun of < oets and project implamentation will fmll short of X P L -

tiuns.




ay

i@

LB gy

]

il p

i




S s

E T oy
[E L B TS

(8

A g

B2 RN N ¥

WY T ¥,

LR ]
o R 4 o
A s Y
AR (R
Wowrs . ¥ @
oy
TR 2 oy

il i

Wi Vo
A § 0
BEE pime
P ey wr
L7 I )

F g B

¥ g

T W < ¢ ¥ T 1 e

R R

o g

-

afidiy i ¥

E e

LY |

“ e

¥ rog

W g o ¥

who g

2 ¢ otsss ) onth

e oW @Y

Fong 4 ik s o g v

LA " 2 < W

P A % P oagey.. w8 H Fow B m g aifr o gy

Lo R O .

s .. o

W T Pag sy g

G w o Fu

%

LI

Y ¢

gy

L]

¥ Py PSR it g ¥ gy

g




[

L T N
. « @ gl Ly B d gl e gl
o N 6 om. . Y s I R
a o . e S W g8 e ®
" e ™ - Pop g e eam of  sealal o 01 G g
. o s “ o R R Y
» L L A S o o s BN TN
¥ e o PRy o W | ¢
w . bow o owweomt of T Ty we Lo
B T @ mpani e E s T
& - . % cp. L@ @ %, wed® ) W £
Lo ™ a W o Yo we cegonpl] o e
i T gl we
: T - P aaasr ol cameil Voupine st eslt 1 Bl Cwe O v | oo St
caww " " U ot W e gt 0 el sep® g
iy s - a4 ” ' e CHE aee @ MRS ot e Yoy B
b e ok ‘s T T A T A IR A TS e T WL YU
s iy
- % - b L s " aptr Vgt L oW oM gl Y Ve
“ a5y e R T W g Aol Y B g ¥ g - R ]
Py - sy P e e ol Teer ot w8 e i B sumt e et |
B R T N v g Y For o GuOREe B Pecind S ame L
&0 e et A TR v rommmrethe e R AGR Y i om  wf NP L e
v . whae vt i o ot somow sl Liheser WK LD LB me e
AR TN e et s oew wl e o e ¥ P wootam ] pesguad v ¢ Fow ey
W e mA T vt wwmcamt vhe iawei o  te evmi WD LI by »-
T T P VLT PR S we o el M bl T L oue ohaee NIMRY L8 b paed L0 Lo
LRI R T ¥ o ¥ s v

e o g | R




= A S 49 i i ¥ ¥ ¥ > £l oy - el
W W@ s g e B R R = AT T Y L I I § o
T s =L T ™ T T g e ¥ g T s sees Uy e geg b et R s
S Gt Bt et ok ¢ s B [ A ] P g R [ N Y v -
A T AT T B I SR LA ARt S #? 4
Crame W R e ¥ w t oy g R N L R 4 e E R
el I TP T T I I S e w pr e et Ler?l e o L LT A
LRI S VS T W e T 22 A ¢ P e ¥ ¥ XY " RN I oy o
Pl e VAT W a ey 1 e v LA TR R A A S Y TR I T R
U M e S g vowtiee P m . we cume B0 ar T age Do imr aeme . T &t 1 M
(8 et aleret Vo raflect chamrges 1Y cemsen P e wm)id THia te the Tate

of ey Sy L) emewitat oW slare Wh b hmes rosalted Tewm wr v mpeter *
wnd e smpewe ve WP rra wd Thet rigioml i, rmve PTered e ss . et
LAALIEE Y. S T TR I R v wfYer Yhe o Yertms i, oas ariger gt
MG e TS e g gt YR plar cum e ot Tugenr oy ¥ et ity gt W PR
Thew 8 pertorned (s the seEe SRREr a8  F 1 e met e CF P
At WAy e w0 more maerdous | i omocordmecs «tp a pimr that tums  wme =t

o e ey id

T R T T . R R T 1 S S O P
A TR LA R A N A r oIt L oo Par oy efPedc o vl |
Pt o T ber o aBwsadod e ot | e PO T L L, PR e et e Ve
Pl peressee  wrl  ant ol rRpLeRe Gl ng of Lk ex L8t ing 8 rat agy e oamtLer
et aRaeiient (8 the wigioml progressing thers are prectionl Limits Tor the
ot of detei i *het sheuld he deve.opmd st this stacs AR 7 AR
Shmed LAY cheENe APc  rew L laiie B8 Lhe e et proceeds apd Thet extremely
tetai ieft overe il progremisg of mpiementat . w is aet et Fled. Hrwever
work in the ismediats Putuare e ol Sebly e progremued in greet tetal .
"Therefare, this levei of iapiesentatior progreseing for & Lisited period
mmﬁmmtdmummmﬂmmammwmtw
wigingai, or apdeted  saster lupimmertet i progremming. There aiso showuld
Mawmtmum,,mwwmm It was
mmmmmwmmmmnsmmm

- % .




R SRR T T s A re pire et Ly 1t (e else Likely

oAt teae o e o Tt Ay e ffer opportunities for imprrrwe-
ot TET Lo e s wrled s T g s nd i tiorg and of actual
RS Coe e Tt s Eh e o make atyar t mgeous ~harges While

Tt cmmendAl L 0 PR L L w  we ] e o e ] v plar < f {mpl ewentation

: Fler ' res; Cte o cer o ita Y vve oapi)l oand thouht that has pone

PEOTE evelomper v b L vy et tar ba c ot e to soeh etter snlutions

art  whbar vpoy gpe fa g fodiLiing o range the {mplementatio PiAn aC~
) IR A R A R T rrtant fhe' the ctange receive very carefyl

B LR L rder 0w e Yt Y g o et gy imprevepeet  Ther {t (e

forertar Y Yret ) ex gt sar e etatad one v arandoned,

Ale T pdar Tap gy TefTentatiow nlar to e axecuted success-
il thome Wb g @ tRe work should anow the relati{ve {mportance of the
elomer 8 Sf the plar. ™ ir 41!l aliow *hee to conemntrate efforts vhere they
are ceeded post Troegpt Ll the effects of leviations in the timing or
Coe genuerciry ST opre et st ivities rar ran e Prew: negilgible tc extremely
ser! We e informat lor developed bty the impl emertation progreaming proce~
Tare stont {adicate the nature Sf these effects to nanagerent, Intelligent

wtrol alas requires appropriate corrective action after charges occur.

Ttrat ft {8 recessary to determine whether a problem exists. Sehedule up-
ating car inlicate the effe-ts w ther activities, ~n the projest compl e~
tior date | and on the timing of {mportant intermediate events. Resource up-
1ating “a- {nticate vhether these requirements have heen thrown out of

UM LAnCe or have Lecome excessive “Yaving discovered the extent of the pro-
rlem, it i{s then necessary to reestablish a realistic izplementation plan.
Reprogramming techniques should provide the means for accomplishing this ob-
Jective. "oreover, they should allow the ~osts ~f these corrective actions
to be determined. [hen it becomes managemert's control functiom to use this

information to make sound decisinns,

1e. In summary, 6 then, implementation ~f an {ndustrial programme or project
needs tc be intelligertly progremmed, and the implementation plan needs to
ve effectively executed, These two principal requirements involve:
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1%, It is the purpose o1 'ris repor* to present operatioral technigues for
{dent{fvirn: component activities nf projects, ueteruining their sequent.al
relationships and represent ther in a ne‘wark diagrar | naking time-crst
trade-off decisions and aliocatin, resources. e tine-cost trade-off{ pro-
bler arises from the fact trat most of the activi'jer irty which the overall
project 16 subdivided ~au. e performed t. nlternative approaches requirins
different amounta of tie, resources and hence, expense. ‘enerally it s
true that those nethods of performace whicl decroeare *he tirie requirecents
tend to increase Airect, or variable costg, These direct costs will rise
more rapidly ir sowe cases thar in >taere as vork is expedited, If a project
canpletion tiwe iz arbitparily specified or is set Yy external controls, the
time-cost trade-off procedure sttempts to develop that combination of acti-
vity scheduling which weets the ocoupletion deadline with the lowest total
Airect cost. A more ;eneral probler would result if the procedure vere ap-
plied to also deteruine the wost favourable completion date. Here the addi-
tional fact that reductions in project durstion result in lover indirect, or

- T =




A TS DL T T TN S SN TS BRSNS R A 18 SIS ter, Lhe ti weecogt trade-offa would

Yo oado vitn U o ety of firding the schedule which pives the lowest
wm foat e D Hreet gt Lo lirect ooels arl, hence, the lowest total costs.
14 e source AaLlocar ooa pre aen nveaves the letermination of schedu-

iy *ret saty ries resource restrairts in as favouwreble a manner ag possi-
vlo, Most oactivities i1 on protect require the use of one Or more resources.
choge coquirerent ooare srated and an inivtial schedule is developed, the
arew LU 3 of emch separcte resource ceeded during each time period can
LE neter el TP otne yeoour e lersrds 8° any tine exceed the availability
J.7 resource sor e activit,es must be rescheduled to reduce the concurrent
roauiroents for thas recour e Sonetimes this rescheduling necessltates ex-
rendir project duration, ir oauch cases a principal objective (g to wini-
cizc osucl. extensgions,  rroquertly a time-cost trade-off approach can be use-
1 i tiese cazes also,  cxcessive resource requireaente can usually be
satinf. el 1/ means olher trnan o ere rescheduling, but which involve activity
replanning asd higher costs.  although the topics of time-cost trade-offs
and pesource allocatisn have ~enerally been considered separately, greater
Atterntior .8 eeded to develop procedures that allow their interrelationshipe
te e recnrrized. A secondary reaource allocation problem is that resource
req.irerents should e mag -onstant as possible. ieaks and valleys in re-
sourcs schedules {nvariatly ‘ndicate uneconomic performance. Improvements
can Le achieved to sone depree by rescheduling, The utilization of idle
resources ~ar. also ofer important opportunities for favourable time-cost
trade-offs a:d {s another instance of the irnterrelationshipe betveen these

two toplics.,

15, /i more complex resource allocation problem {s created by the necessity
to schedule several projects concurrently which drav resources from the same
resource pex lz. This multi-project rrobler presents added difficulty be-
cause it involves a simultanecous consideration of a larger amount of data
than denanded by individual analysis of the projects separately. It also
requires proper consideration of the respective priorities of the various
projects and of the mobility of resources fron project to project,
-8 -




[E. oth the tine—cost trede-off ard the regource allocat Lor Proliens (e

volve a considerable a.ount of data, In both cases procedures develnpes Lo
aclve these proulems have er.arallv heen nathematically corplex. o these
reasors U 1a rot surpris.r.~ *ha' these techn.ques have usually boen cor-
juter crientec, iowever, ir developing. rountries the computer capan (%
may not exist or nay oot be readily available at the level of project acti-
vity. Therefore, this report vill present procedurec that can be applied
without computer proceesing. while this estaslishes real restrictions orn
rethods that are practical to use, 1* does not nean that tre results obtalired
will necesserily be inferior to results ~“tained by rore sophlisticated ap-
promches, 1t appears fair to state that computer techniques “or solvin:s

the time-cost trade~off and resource allocation problems, even where there

is an ample supply of processinz equipnent avajilable, have met with rather
limited success, They have the inherent shortfall of not being able to recog-
nize the interaction betveen activity costs when changes take place, for
exnmple, the time-coet trade-off relatimships for an activity may lepend on
the time duration of one or more activities that nay apportion some resources
together., Jood soluticns require a considerable exercise of Judgnent., This
Judgment !s needed not only in preparin; data at the bezinnin~ of the calcu-
lation phase and analyzing reeults at the end of it, but Judiment can also

be vrery effectively arplied Auring the intermediate steps of the solution
process. However, the exercise of such judament during the course of calcu-
lations is very difficult to successfull’ progrea {n mathematical form. Its
absence has severely limited the value of corputer results {n solvin: these
types of problems,

C. Ihe Aporosch of this Report

17. As stated before, this report is concerned with implementation of projects,

"Project implementation” is an undertaking which has a definite beginning
point and & definite end point, as contrasted with the cyclic type of opera-
tions characteristic of ssnufacturing werk. In other vords, by {ts very
nature, the vork involved in project implementation is non-repetitive, Very
effective nothods, the networking techniques, have been developed during

-9 .




the past decade Tar tie plannin -, scheduiln,, ani contyol o Project-type
aort The hest Yrown of these networking techniques are the “ritjcal Path
Methnd (CEM) ard the Frocraime @valuation and eview Technique ( PERT),

coocedures o Lo proposed (o this report will be ased on netw rking rethods,

L, A8 & prerequisite for the advanced netvurcing procedur g for tine-

cost trade-offs and resource allocation, a thorough understanding of the
tasic networking procedares g imperative, Dmret‘ore, Chapter 2 briefly
diecusses re.ated nethods for the developuent of » project implementation
plan and its reduction to a raper model. This 1nuvoives the presentation of
8 prcject implementation rlan in a network diagram whish ig ir. fact a
£raphical portrayal of the precedence relationiships between the varicus act!-
vities or tasks of a project frow the beginning .o the end of the plan.
*urthermore, the methods in>luded in Chapter 2 involve the estimation of
time duration of project activities and provide cumputet onal procedures for
establishing basic scheduling data vhereby the relative impos tance of eack
activity {n *he overall project network can be determined. T™is is or eason-
tial importance since it drawve the attention of Projuct wansgement to

thosc activities which by their very nature limit o1 contro] the duiation of
a project, In addition, methods for the communication of thg inmplementation
plan and wchedule to those vho will implement them ag well as meth as for
vhe application of data to project control are alsgc included in Chapter 2.

19. In Chaprer 3 the nechanics of the network diagram vill be analvned.
Based on an understanding of the means by which changes are trassmitted
“hrough. the network, methods for updating project data ¥wil) be presented.
Triese methode, of Course, are useful for t)e normal updating iequired as un-
foreseen changes occur in the performance or moject activities. But they
ire also a key factor in the development of tine-cost trade-cfr procedures
vhere the ability to update certain Project data as intentionsl changes are
made in activity durations ig €ssential. In Chapter 4 the iime-cost trade-
off problem will be Presented in detail. Procedures for solving it will be
given. Chapter 5 will discuss the resource allocation problem and offer an
approach to its solution, Chapter € will discuss thc nulti-project resource
-10 -
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allocation provle. and the DBCUunshLry mod ificutions 5 1y BLtulas T ect Cetihed
ol solution, Finally, Chapter 7 will -~onsjider thne interrelationshiipe ciwecn
the tiac-cost trade-off and the resource allocatiorn protLloss,  Methols Ine

taking into account the effects of these irterrelationeghipn will e diecussad,

20, It 1s not the tntention in this report t, strese cleverness in nathe -
ratical manipulations or to attenipt to achieve mathenaticallv optimus 5ol -
tions. The stress 1g rather on sinplizity and practicality of application
at the project level by manua methods.  Solutions that are short of thecre-
tical perfection wvill be acceptatlc as long as they produce improveme *g i
project performance which are realistic to achjeve,



Zevel oping a3 baper todel

2, After the objoctives of a proje~t have been defined it is necessary to
rrogramme the nanner 11 which these objectives can be achieved, For this pur-
pose 1t 13 adventarecuds to consider the overall job as consieting of a number
of rolated but seperate activities., It is simply not practical to attempt

to work with the entire project ns a single entity. Subdivision is not only
necessary Cor wplementation programming but also for other purposes such as
time estimating, cost accounting, and project control. The resulting compo-
nent activities should congist of logical subdivisions which involve work
that, for some reason, is different from that vhich precedes or follows it.

Factors governing subdivision of a project into component activities are dis-

cussed later .n this chapter.

o2, These component activities normally have very definite sequential rela-~
tionghips with cne another which must be properly comsidered in progreaming
ol project 'mplementation., i the project has any degree of complexity, the
programmer ghould not attempt to carry these relationships solely in his head.
'oreover, at same point his implementation plan must be communicated to others,
A strictly verbal description will result in many different interpretations
as well as the .oss of much of the detail that has been developed through
careful analysis It is practically essential for a progremuer to reduce hic
ideas to a paper model in order to keep track of wvhat he is doing and the
restraints involved. It is also nractically essential to use a paper model
to transmit the results of his implementation programming efforts to others
in a form that can be v.sually comprehended and referred *o vhenever neces-
~ary.

2%, The type of paper model most commonly used to convey project implementa-
tion plans has been the bar, or Gantt, chart., This chart shows the progrem-
mer's breakdown of the project into its component activities, and it shows

- ]2 -




the scheduling developed by him for each of these activities, Whils the bar
chart conveys the project scheduling data quite effactively, its usefulness
83 & programming tool s quite limited. It does not clearly show the se-
quential relationships vhich the programer oust constantly keep 1in mind, It
does not force the progremmer to consider all the restraints that may be in-
volved in scheduling, since 1t does not require that he show all the activi-
ties that yst be completed before another can begin. It does not convey to
others whether he has or has not given considerstion to the various prerequi-
site activities. While a bar chart may technically satisfy a specified re-
quirement to furnish a documented implementation plan, careful examination
frequently shows that the plan {s subdivided to an insufficient extent, that
it totally omits many restraining activities, that it does not indicate vhe-
mmmxommmwm,mmc it vill need further
interpretation to be fully understood. An implementation plan Resented by
mor.hrdnnwbohudmmmmw programeing, or

it-ybothouantofulmwincwm. Those wvho re-
view the paper model ﬁmxtdxmmtwmvmm is the case because
insufficient deta’sl is sham.

24, Avwsupleb;rcmrnﬁnga\ufmwuﬂunhmmnm
1. In this omaple it might be conjectured that Activity B {s dependent on
Activity A and that Activity D 1s mtnhcuﬁty B, since in both
mmsumumtmmmmumxm.

suspected that Activity C'tMmemtﬂ completion
of Activity B. Activity . ecriptions may also provide hints in actual cases.
Hovever, memumvolvm-uvmwomhwumvoumumm
airﬂculttomuumchmuhhumw. There is no evi-
dence that other relationships Exist betwesn the activities showm nor is
M‘mmhmimmtmmiutym.thm-
mmuunummnnmmcluumunm. For example, if
unuﬂmunnnofmmntymtmmmmnmcm
orwuwc.ummmwmwmmu.omim
this posoidility or, 1f so, vhat vas the dasis for the conclusion that he

-13 -
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reached.  Sa {1t pay e Concloaded that tre g AT A Lt ool e me o
remming &t hotp tn PEONTRTOrs arc *o  thare o R S A RE A P Y s 1 T

the results,

o The netwerk dingTar lws e, introduced *o Gvercoge the defecty ;7 +.p
ar chart and, theredy, to funish a nOre efect {ve fopm o mper ode

s beasically a ogreraing and controlling to)] and & devel ed rior b .
deternination of scheduling date. dwever v g Bubvepuer: |y yaed b, provide
the relat! mnships necessAr ; | ar ‘alrulating 'he schtedu, e and b somer aes p, e

ted Lo e t.me scoie 1, by the schedyle,

0E, “he network Alasran requires “hat project activities he LA DUR DT A RY S P
and their sequert gl reiaticnsh.ps be showr . ‘here are weveral varia'{ s "
netvork dimmg amthods., However, a netvork mey te represerted wmirly oy
‘wo methods arvov clagreseing and precederce Aiagrammirg .

.1 Disaresming Metlods
A.la  Arrov dlasressung

27T, It {8 the most videly used approach which was mployed (n hoth the
arigina' Critical Path Method (CH) and Project Malustion and Reviev “ech-
niQque (FERI). In this type of diagresning, a project AWtLivity {8 represented
by an arrow., An activity (e & rart ¢ a project and (s sometipes called a
task. t requires resources such as manpower, equiruent and time for i1t
rerformance. It has starting as well g4 ending potits, The terminal points
of the arrow representing an Activity are nede points in the resulting
network and they represent events, e.4. the start or finieh of the activity,
! one activily follows another, *hey have a common node where the head of the
arrov represaenting the mreceding act! ity is conrected to the tail of the
Arrov representing the following activity., Por axample, in implementins a
Project and after the land required to build factory buildings has been ac-
quired, it say need certain preparation before canstriction work can star~
In this case, the two activities shown in Flgure 2 may take place. 1f more than
one activity precedes s following activity, the heads of the arrows represen-
ting the preceding activities Serge at & node vhich 1s aleo the tail of the
folloving activity. This s 1llustrated tn Pigure 3. In o siuilar vay,
if there is more than one following activity for a given activity K the arrows
remresanting each of the fallowing activities have their talls at &

- 15 -
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Men the Activit, [ ig added, it merely requires Luserting the correspondir.:
node symbol and Arawing the appropriate sequer~e line asr in Plpure 1.,

This is a very sinple and direct approach that requires no special diagrammin,
skill. Activities are reyresented by s symbol, e.2. a circle located

at any convenient position in the dlagren, labeled, and lines are drawn to
the preceding and following activities. T™here is no reasor: for being con-
cerned vith dummy activities. It {g true that, i{n effect, the sequence

lines are actually 4 umesy activities, but the dlagrememer needs to rive no
conscious attention to this fact.

W, Due to the nature of the work involved in project implementation one
may need to represent one or more events on the network dlagren as signifi-
cant milestones. These key events aay indicate the commencement or comple~
tion of certain important activities or stages of a project. This 1s 1llus-
trated in Flgure 1). Representing an event on the diagres can be accom-
plished by considering an event o be an activity of zero time duretion and
may be labeled, A Aifferert synbol may be used for events, for example o
square, if desired as shovn in Ploure 11. Only those events having special
significance need be shown.

35.  MNevertheless, the inclusion of some events in the netwvork diagres

may facilitate and simplify the construction of the precedence diagrea

even {f their importance does not warrent their representstion., T™is is par-
ticuiarly true vhern a nunber of activities @annot be cammenced unless another
nusber of activities are completed. For example, in Pigure 12-a any acti-
vity of the Activity Youp I1 (Activities D, E, F and G) cannot be commenced
before all the activities in the Activity Group I (Activities A, B and C) are
completed, and coansequantly there are twelve sequence lines indicating these
sequential relationehips. However, in order to simplify and improve dia-
gremming the network the event sisnalling this instant - the completion of
Activity Group I and the conmencement of Activity Qroup I - Justifies {ts
represantation as shown in Pigure 12=b, even {f it has no significance as o
milestane.
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Farthermore, the representation of events also provideg Interface connectir,
points in network breakdown or subnetworking as will be liscussed {n Chapter 3
below,

36. Precedence diagramming is much stmpler to apply and to teach than arrov
diagremming. ‘hile there are other advantages also, such as thoge inherert

in 1te labeling ly-t.,vit is primarily due to its simplicity that precedence
diagremming has been chosen for use in this report. Py ainimizing the re-
quired skill in the mechanics of diagre: canstruction, those who possess

the other necessary and more {mportant skill, {,e. a thorough knovledge of

the work to be accomplished, will be able to develop the diagranm themselves.

3. It takes shorter time and less effort to diagrar a project impl ensen~
tation plan by using precedence diagremming rather than arrov diagramming
since the latter at least requires care in locating activity arrows at the
wmtmmmqmgomm. Also, in the case of diagrem re-
visian to cope with changing conditions, diagrams constructed by precedence
diagremaing lend themselves nore readily to revision than those constructed
vy arrov diegresuing. mxmmmwmmdm implies certain
cmmmmttlmofmmumammmm. Hovevey,
vith precedence diagramming, addition of an activity to the diagram is
merely locating a node in a suitable position on the diagras and connecting
it vith the preceding and following activity nodes by sequerice lines as has
been mentioned defore and shown in Figures 9 and 10 respectively, This
promotes frequent updeting as ~onditions necessitate,

33.  The diagrem {s the basis for the application of all the remaining
netvark techniques, and it is essentia. that {t be a realistic representation
of the vork to be parformed. Wlﬂﬂmwmminiumm
dures and processing equipment are useless in obtaining vorthwhile results,
Therefore, um.unryumtummunmmmtumm«
mmum“wdﬂolopmummtonvinitumcnury.

-

puter Critical Math Miuttm'. Technical Report No. AT, Dept. of
Civil Ingineering, Stanford Univereity, 196k,

-2% -
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Keeping diagramming mecharics simple makee this practical, For this reason
simplicity bLecomes an extremely important characteristic.

%y, ‘ne point which might be of interest in cases of computer utiligation
is that computers use the dual numbering system used by arrow diagramming,
Although precedence diagramming uses the single nunbering system, as mentione
before, the dual nunbering of sequence lines can sufficiently be used with

conputers,

Lo, Am a simple illustration of network diagramming by the precedence
method, suppose that the project previously shown in the bar chart of Plgure
is to be represented by this approach instead. Activity B must be subdivided
further since overlapping is not permitted in network diagramming. (Some com.
puter programmes appear to permit overlapping through the use of "lag factors
but actually the subdivision 1s still performed internally by the computer, )
Activity Bl is a portion of Activity B that can be described separately and
that must be completed before Activity C mway commence. Activity B2 is the re-
maining portion of Activity B which may be performed concurrently with Activif
C. A new Activity X is also added. This is vork, perhaps, that is not done
on the job site but that is an external activity such as the furnishing by
others of an item of equipment to % installed, or the checking and approval
of plant drawings. Since this is wor: that is not directly performed by the
programmer's own organization, he will frequently ocait showing it on the

bar chart even though he may have considered the resuiting mt.rd.nt However
it . an activity which must be shown on the network diagram since it re-
quires t.::e to accomplish and must be completed before Activity C can commence
Its inclusion in the diagrem results in a better paper model because it
clearly cammunicates tc others who review or use the implementation plan the
fact that ¢his activity has been considered. Although at the time that pro-
Ject implementation is programed this activity may not be & controlling restr
due to later delays itmbocme-omduymoctthoochdulmofotw
project activities or even of project completion,

Ll. The activities into which the project is subdivided and their sequential
relationships, then, are as follows:
- 2“ -




Activity Duretion Time in Daye  Must Precede Activity

B1, X

14

]
o

OQX%E)} e
*

R precedence diagrar might be drawn in the form shown in Pigure 1%, This

would serve as the paper model of this project and would provide the basis for
the application of other networking techniques,

It conveys the project 1imple-
mentation plan more effectively than the bar chart of Pligure 1, but it does

not convey the project schedule. However 6 for the sake of camparison, Pigure

14 shows three methods of presenting the same simple project shown in Figure 1
and Pigure 13. Pigure lk-a reproduces the bar chart of Figure 1 and does not
need any further explanation, Figure li-b and Figure li-c present the network

of the project implementation.plan as an arrov diagram and a precedence dia-

fram respectively. To make the comparison more effective, both diagranms
are dravn to a time scale wvhich is shown at the bottom of Figure 14, The
time scale, however, shows both calendar dates and vorking days. In Figure
14-b each activity !s represented by an arrow, i{ts horizontal projection on
the time scale denotes tne activity duration time. Every arrow starts froo
and terminates at a node or an event and as previously mentioned, each event
has & number and hence ev.n arrov is identified by two numbars.

For example,
in Figure lk-b, Activity A is represented by the arrov 0-1, Activity Bl by
1-2,

.+« @tc, To maintain the precedence relationships between activities

Bl and C {llustrated in Figure 13, a dummy activity i{s needed to show this
relationship. This is represented by ‘he dashed line arrov 2-3 which t{ndicates
that Activity C (represented by the arrow 3-4) cannot be commenced until Acti-
vity Bl (1-2) 1s completed. AMlso, in Pigure 14-b the last portions of Acti-
vities A (1-3) and C (3-4) are dashed. This means that these two activities
mumtobocmplndpriortothooccwmceofthotwo-ucc«dig
events; events 4 and 5 respectively and, therefore, the dashed portion denotes
the lemmy or slack vhich each of these activities has. This is due to the
fact that while Activity Bl (1-2) has duration time of 4 days as shom in
-25 -
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the tall~ on page 25, Activity X (1-3) has & duration time of only 2 days, and
since event } cinnot occur before the end of the 5th vorking day, i.e. the
beginning of the 6th working day as can b™c shown in Pigure lb-b, Activity X
(1-3) has a leaway or clack of 2 days. This means that within this emount

of time the finish time of Activity X (1-3) can be delayed wvithout affecting
the occurence time of event 5. In the same fashion, it can be shown that
Activity C (3-4) has a leaway or slack of 4 days and vithin this period of
time 1ts finish tim~ cen exceed {ts expected finish time without affecting the
occurence time of event 4. (re nore pcint 1s that these activities lie om
the path 1-3-4 and the expected time to accomplish them is 2+2 = 4 days, but
with reference to the time scale at the bottom of Figure lh, it can be seen
that the time period between the occurence of event 1| and event 4 (the starting
end termineting events of the path 1-3-4 respectively) is 10 days which
indicates that this path has € days of slack. In such a case the path 1-3-4
may be called "slack or non-critical path”. On the other hand, Activities

Bl (1-2) and B? (2-4) have no slack. They are represented by eolid arrovs
between events 1 and 2 and between events 2 and & respectively; vhere the
expected time to accamplish thaa is 4+6 = 10 days, the same as the time
period between the occurence of events 1 and 4. Therefore, the path 1-2-6
has no slack and mey be called "critical path”,

L2.  The precedence diagram in Pigure li-c illustrates the same relationships.
Instead of arross ,nodes are used to represent project activities and sequence
lines are usel to show pirecedence relationships. The sigzag portion of the
sequence lines between Activities X and C and Activities C and D denotes

lag times of 2 and 4 days for these two sequence lines respectively. In this
particular case, these lag times equal the amounts of slack of the preceding
Activities X and C respectively and the path X-C--D say be called "slack or
non-critical path” since it has again 6 days of slack. The other sequence
lines Bl-B2 and B2-D are £0lid denoting that the path Bl-B2-D has no slack
and hence it may be referred to as "critical path". All these terws are dis-
cussed in detail in Chapter 3.

- 28 -
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<4, A basic step for programming tre irplemertatice 3P & presect (g g start
constructing sn original network dilagras for otect activities ant ‘re. r
interrelationsnips., As Progremming of implerentation QUe8 W the origire;
retwork 1iagram car be Aeveloped, This Wi} wesuUre *hat wil proect actd
vities and their sequential relationsiipe are vongldered and resreserted

b, To start tnis phase of (mplerentati o STORIREMYL | Tre P win, 6.
may be considered:
A.2a Ereparation of a iist of Xolect activities

All project mactivit|es Tay be listed as they ~me tn Bind, ALt nougr

this may be helpfu. for beginners, the [ist r{ght | ot be ne eamary
after they acquire experience in dlagremming. However f-r g
plex projects having a great rnumber nf MCtivities, ar activie,
1ist might be of importarce. At thig stage, however, a decisiw
must alvays be taken as %0 the level of breakdowr of pro ject

activities. This depends on the following factors
1. Neture of vork involved

Some project activities Or activity groups ~eptair 412~
ferernt wvork cortents ard need for their ACcempl L aheen t
d1fferent types of rescurces (labour sl pment | ete. ),
Por exarple, agaregate Activities such as “inalisae-
tion of Project Pans”, "Congtructim nf il 1inge” and
"Installation of Machines and Equipment” have 11{fferent
types of labour and rmchinery s perfor them  and herce
they cean bde canstdere. separately.

wm

dork undertaker st different locations or at Aifferent
times may be consider :d ae sepaArete activities,
Wmmn_mm
This may be taken as o factor for determining the leve! ~f
project breakdowm, If suparvisors or sey personnel wvho
can assums responsidility for same PAres of a project
are scarce, activities By be aggregated so that each

-2 -
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+ WwEver 0 e advantageons MEtpone Lhe redreawing of thre orizinal
Trarme et e e v e satiafactor/., For this mrpose
L R O D e TR #etlmtes, the initial 'maic tige couputations
TR e sade D e d o che rglral Vimgrm. to find out whether the plan
Voimpliemeriat] w seety regul remert s Fre procrammers need no more than to
e the forwmrd (ess” of ‘wmalc time O puteations starting from the
“olaning o the ot Sf the projset where the early start and early finieh
Tines of protect st yvitieg are alculated and hence the early projeet com-
FeRTLor dmte.  ve warl; start time of an activity (s the latest or biggest
Ve mAariiest © skt ises of al) activities preceding it and the arly finish
Proe of an activity (8 1ts emrly start time plus the activity duretion time,
itm {r order t lererii e the “ritical setivities and hence eritionl path(s)
“IThout comput g activits late finigh and late start times and total floats,
e can star' from the ast proiect Activity and go backward te the injitial
# Tivities 4.0r  the sequence | lnes connecting those activity modes of equal
earl; start and eariy finish *imes. For emample, in Mgure 15, starting
from the imst proect activity and goin: backward to the t-itial activity(s)
a8 uentimed above, (' car he seer that the activities "Rreet Machinery, et
Mlant “emdy for Froduct toan” | ""ongtruet Factory Puildings and Machinery
Foundation” | " onstruct Main and Access Ruads”, "Clegn and Lovel Land” and
‘Finalize Project esi s and Approve Firnancial Plans” as@ eriticel and
hence the path along whick they He.i“' Now {f the project Suretion 18 found
to nweet requiremerts, ard (f the activity sequential relationships included
in the implementation plar (mainly those cancerning the critical activities)
are found acceptable, ther the original project netwvesk diagren may be re-
drawr {n a hetter form to serve all the functions previously stated. on
the other hand, if tne project duration does not meet requiresents and g

S o — o s s

P

b? Basic scheduling computations are discuseed in detail in Section B below,
- 3 .




neatisfaciory, t* p.»'° 't {aplementation Plan needs to be reconsidered. e
o oaming of project {mplementatiorn my be indispensable and hence certain
“h'nges Ln the network diagras any be incorpureted. It s worth santioning
thrt constideration of the critical activities may sugyest scme changes in
activity breakduwn, 1.e. level of deteil of project activities presented on
the Qlagrae, 8o \mAt rrae activitive, {f poseible, may he overlapped.

Arfte: “hese c.angse tave been made and the Roject duration es vell as the
implementation '~ huve been rev,sved and accepted, the redrewing of the net-
vcrk diagrem can then take nlaca. Hovever, for better a- angement of project
activitiss and eejuenc: lines, the ssquence step o' time-scale disgremming
methods can by used in redraving the network diagranm,

igauencast., Procad 7o
49, A suiteble scale of sequence steps can be chosen and vertical lines oan
be irewn at each sequcance s ep an this scale. The sise or length of & se-
quence otep is arbitrary. It shuuld be selected ‘o ovide a clear grephical
portrayal of the ;.vject newwmrk diagream. After numbering the sequence
st1ps and Fence tiecs vertiecl lines, nodes representing activities (and par-
naps key evmnts) ‘a = located on the vertiocal lines according to their se-
quence step numb~1s. Ench nnde 1s placed horisontally to the right of acti-
vities preceding 1t. Next to each node e trief descripticn of the activity
it represents is included. An shom 1n Pigure 16, the sequence step of each
ectivity {s determinel by giving initial sctivities & fequance step nmber ~f
tero, plotted on the curresponding vertical line. Then, each other activity
is giveh & sequen-e st.p mumber vhich ummmmww
uence step number of activities directly preceding it, and s0 on. The verti-
wmlm&mmamWMQMMAhem”uu
achieve Qisciplined o. 1mmm,~m~u.m1m.mu
clearly dream. The nodis a:e then numbered. Mumbering starts from the top
of the first sequencc vertical 1mw¢ammmummmm
cm-rmm.m«m.m-mmmmt

-5 .




vecteoal Tine s v g Lre sec el nxde oty en a0 two, and 85 on,  Then, pro-
ceefi iyl 1A the Lop T e s ores Line af activities and min: agaln down that
st bLone cantinuin tria way until the farthest node to the right of the
netvar . darrar U refic hed Yis provides that no activity wvilil precede

It ey ctivity oY L o b r . The sequance atep dlairer provides an
FIIective step *owel 1w iinal Llagias or f L e-ges # diagres after 'aving

A cea lsiel wll aemes i, wpiatacions and L evislons. However  the sequence
rep Magran oy can o ues e cosidacd L8 the finad diag.an and activi-
Leoturmatiar 0 ows well me o he. ‘wals cchedid trw Jawe ey be included

next Lo or dneriowd Loto o ar espandine nexdes 43 11) wstreted in Mgure 16,
Tate depends Lni t kel o) oo {acTiawme: al Lhe Peop.e who will use the
Glagraw, ad Lhe § omvse 50 ooy with whion &ctivity relationships need

th Doorspragented

Bho'lli, Wb networs diadrss on s lAse-scale
50, The networt ifasrar ~a. e plotteu nn o * me-sc.le from the origzimal
N tue sequence-sLup netwoik diigram.,  [he need for a time-scale diagren
sters frow the fart thi. neither the wigine roun iagrea nor the se-
Hence=6top Yagram ep eqrits pooject activities in their appropriate
tHne relaciaral ips. "he Lequence-glep network ray show two or sore ectivi-
tose w1t the ae seuence number (located or. the rame vertiecal sequance
iine) whirh n reai'ty are er’oraed in lifferent time phases. If a netwvark
diapras (8 pio.ted 10 1 Liae sotlc 1t shwes the real activity interdepen-
mcles, at lecst . the besirnine of project {aplementation. The sequence-
<rp and the Llie-se le diagr vis car be used together In such a case, o
sequency-sted df wgan 1z constructed for the entire implesentation plan,
hen, at uch time interva. (one aontl cr two nonths) perhaps & detailed
tim -ucale dapras can b mepared ‘uc the portian of the project that g
«ing to be irpiemented iuring “he next time interval. The selection of the
time interval depends on thd nuture 37 the project, the degree of detail
~uuired, and the compiexity of the vork. Whem conditions change netvark
diagrams constructusd to time—ecale need & great deal of effort and time to
be updated., Therefore, 1n the case of large and complex projects, especially

- % -
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whes ron-compater ~ethooe e wsed it {s rec mmanded not o update the entire
netverk lasran he whole dlagrar. might be revisad ance and as explained
earilvr, a. eah *ie irterval (which misht azain be one or two months) during
Procect rplenen oo o ¢ e-gomle netvork 1iacra of that portion of the
FULOCT netdurk . tha will e rdertalion o1 tie follewli, tice {nterval could
o reviged ard upduteel. wviif o o© Aairauns plotted ts time-scales ey be
restr.cte! 1o aje. Urer some gotinfto sejuential re.attonshlps change, and

s Bty e gtow s s odifle |

[l

N oLttt the proset retwor k dagrae as olowr in Figure 17, a time-

sea’e 16 Jrwm, Then, at sush activity ear'v {or icnedulad) start time, a
verticai il e oar e drw n o the time-scace on which the node representing
tinle activit, can ¢ locatea, Tr 4 sequence line has & lag time (see Chapter

U4 rar Le ooam o e sequance line by a corresponding ticzag portion.

. re »f “re ajva tagsee of ~omstructing a network diagram to a tine-
scale 1e that if ar wb~1 of verticel lines are Arawn on the diagram at
various tise interva.s. .ne zay de“ermine at an; point in time, what activi-
*ies shoull have beer rerforrad, vhat activi.ies are .n process and wvhat acti-
vities are tn ‘e perforued neat, Cince the dravin: or vertical linees on the
dlegrar can thow what activities are concurrently being undertaken, tine
periods with evcessive demard or one Oor more key resources can be pointed aut,
Fven hefore anplyine more effective rescurce allocatior techniques this

¢ould 8 gpest some quick inrpovements in resource scheduling as for emample
ny shiftir certair activities along tne diegras so that more leveling of

resource atilizatinn ran be achieved,

5%, 1t should be emphasized that this phase of networking procedures con-
cerriny the constructior of the network diagram (s of prime importance for
orograming and control of yroject {mplewentation and is the basis for applying
~he advanced networking procedures for time-cost trade-offs and resource

o' 'ocation,

54, ‘nce e realistic network diagram has been constructed for the project,

the next step is to {ntroduce time data by making time estimates of the dure-
- 33 -
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tior, of ek notivity setivey durativ (3 the time required to accomplish
an artivity  Tnese estinater nuy be nade i auy a progriate 'nits, such as
ronths, weehs  davs hewr ete. An tioe unit can be uzed 30 long as the
;A UL e G800 TOor ALl aLt vibies  hen Jnys are used there must be a
decigion sretie, thoes ar adondar or workiow days. The latter, based on
toe nuber ~F fasr 1nowl U ch w10 wet il Ly parromel Yo snre cammon. It
requirzes e oo wtion 3 duiae wn- bt e jeneraily quoted in calendar
a7, Lueh s delivery Cines onovete cunin Deriuds, etc | to w correspon-
Lo rurbar o wor - dr - duve. T cenece., due e non werking days, veekends,
rolidavs, clinucl [nierference. sb as slortis, rains, etc. time could be
los warin whin ror' could not De uidertaken and hence the elapsed calendar
aayc are nore e tte omber o) notun) wosking days., Construction vork is an
rampie Wwoore rair seacons and storme could erffect delays and interruption of
vork. ror illustiationg, if 4 cenetriction activity {s scheduled in a rainy
sees M where (45 Deriorrid.co omay be interrupted by | weeks and 1ts duration
*1ae has origtrally heen estimated at 10 cels vv{thout veather consideration,
“Uoskauld Le sdjusted to Lo werks [ 12+b)  Howeve.r . siher aciivities such as

3

delizey ol nwrtanes aal equipnent, .8 not affected Uy thoese factor:.

€5 Activaty aurations are the nacis of effeccise schedul!ngi al)l scheduling
calculations derend on them  “herefure, estimeting actisity durations should
e rcea on thorough aderstaniing and rnowliedge of the work to be performed
end th: tecrsiiques that oo be used | Lacavs> [r. network dlagramming good re-

SULTS O D0y aand dray ot the exartise o competent judguent,

“F.  Tur'ne the courte Of project implenents.ion the reed way arise to
change =ctivi .y curatioar, Changirg the technique or amount of resources

used to carry out an scti.it); alwnays changes activity dwratios, as for in-

stan~e wheii LoOre resources are allocaeted to an activity or, on undertaking
an activ Ly when the ectamotel dux ation 10 toumd 1c oe inaccurate due to in-
adequ. e uniersianiing of the writ involved and other influencing fuctors at
the time the estimation was made. ALl thesc require re-estimation of activity
duratione so that they could alwaye be sept updated,

- 40 -




e e

. If the type of wirk is one ¢ th which there (s & remgconable &sount
previous experience, sirgsle time estinates i oact, activity are oAt

and eimplest However the approe-i folloved b, the Peiect Evaiaet.on
eview Technique (PEFT) N1stOrical v pertiitte! three tine mstiiates for e o
activity: a most likely duration  en optliistic forecagt, and 8 pessimistic
forecast, Much of tlte rigeiie procirax ¢ wort whick PP vag orizirally de-
sluned to cantrol fuvolve!l resesre= (n' imvcloment worv and the sanufacture
of components never bullt before. e persorrel irvoived vere understanda-
“ly reluctant to prev e u sjn . lc tine estiune for the verformance ~f tisir
activit.es  Thoerelure, a Jo. MMng “oranll Wy uevelora’ to convert tre “rree
time estinates, that penerally cou'! be oLtained, to a eginvle, statistically
equivalent tire.  “he activity Turation, then, vas applied ir the same
marner a8 (¥ a sing e *lue estinate had beer .adle “ris report will assune
single time estimates, a nethod followed by tre Critical ruth Method (CiM),
‘here may be cases involving engineerin; design wori. for example, where simi-
lar reluctance to provide such estimates is encountered, If 50, a rtasdar?
text on VERT will provide precise definitions f-r eech 5 the rultiple tine
estimates and 111 give the welrhing form.ula.

After activity durations have beer furnished, vtrether they result froo
cincle tire estimates or have been calculted from wei, hted multiple esti-

nates, certain routine schelulint computatiors can Le nade, Coe 'mmlly

farmiech Rix items or data for each activity: eariiest or early "expected”
start time, earliect or early "expected” finish time, latest or late "all w-
adl+ start time, latest ci late "allowable” finish time, total {loat, and
free float. The wurd "expected is used nere ir. connexion with earliest or
early start and finish tines, as all these activity duration tises are just
estinates and not the actual activity duration times. The latter can be

only known on performing the aciiv{ .ies. For economy in words, both the words
"expected” and "allowable” could be Geleted

59. Rules governin; the camputation of the above mentioned scheduling csata
are pased on network logic and may be summarized as follows:
- 41 -




L wtiviaty earficwt st bae (BB) - {s equal to the latest or
par et of eariiest flils tises of the activities preceding it

Activitig earlaect finash cimg (' - (5 equal to the earliest

ctart tise 7 u oactivity pius its duration tine

st vy wete f4oasr tipe (LF) - is equm] to the earliest or
AR VALY BT E s aa B LlDe

smal ot ) Lle latest start * ces 0. the activities foilowing ¢,

o AcLlivaty catet Ltart time (L) - 1s equal to the latest finish

time ol mn 1ottty lese ‘te duration Yime,

s e

2o st ovit o rras Sl 0T 18 e (ifferince tetween the warliest
Tinaslo tire ud te lates {inis: time ot n cetivity (or the Aif-
furerce “otuesr toe emclieat atart time and the .atest start time
S GEUEE VTS T fer sty tolal flomt time gives “he amoant of time
Tahes s e sAav, Sy which the finish “ime of an activity cen
fxveed ita earls (inish tire without affectin the overall project
Aurat {on. n cther words, .t ie & mamswe f the extra time or
leewa s avillabie “or the performance of ar activity without causing

tre owonect duration Lo e extended,

foAgtavity frec :loat (PF) - {s the difference between the early
finish tine of an activity and the mariiest or the smallest of the
ear) lect start tiser of the activities folliowint {t. Activity free
flomt gaver th wiount of tiwe (nuber of days, say) by which the
finlgh Line of an retivity cai. sxceed {ts early firish time without
alffecting the eerl: start time of any other activity. In other
words, it is A rpca.u™e of the extra tine or leeway availahle for
the performance of ar activitv withou* ceusing the delay of any
other activity

60 Ba.ed on the network dimsres shoren in Pigure 13, and by referring to
the activity durations elready estimated and included acain below, the
scheduling computations can be made,

- k2 -




i, The firet calculmat! wa are ' the srpde f d8ter ol Yo e .
start and finish iates “or s ac'{vit. ane afe fta wlferre’ g5 ' .
‘forvard paes”. These @.culltions cm € er” rrel w u separate a v al o
vith reference to the netword lim e for 'te seqe '@ re.a' nen',e
they can bhe perforved irectly or the 1iagra ma& shown i+ 7 rire .

“tarting &t the bepinning of the ro ect e emr (et start Clme Fop  oaet sov
Ais 1, the beyinning of the firat Amy. dirw 478 Jurwtlow O o ta
earliest iriah tine 18 L-l=¢, the begiraing of tre second Wy | ¢ " e 1 ¢
the first da, . Jince the Alagram indicates Lhat Act vi® ss 1] and on
commence after Activity A (s completed, Lhe.r earlice' start !ates are  tre
heginniing of the second lay. "his process (s crwtirnumd *hrough the netword
until the final activity (s completed. Mere mr a-tivit, follows e *has
one precedin; activity, ites start time (s determined bw *'e (iris! A'e o
the receding activity whirh (s completed the lates!. ™is is "he Witk
Activities C and . Tor emmmpies, Activity O Foliwe hotd Activitiss %, snd
L. ™e sarliest finish times or Wtes of these two activities Ars * (the
becinning of the sixth day) and b (the “egirnirk .7 *he rurl M, respec-
tively. Consequently the earlisst start mte »f octisi-y B oL Pog A -
vity ', the preceding activitiee are Ac.ivitios f. and " with masliest finist
dates of 12 and * respsctive.y. " s, Lhe earliest start late of Ac*ivity
is 1?2, the baginnin; nf the twelft: da; Jecides roviding tw GArii st ntes
at vhich esch activity can bde started and completes, “he f rvard pess ~al-
culations also provide the poject duret.on., It ‘s se* Lo he the warl ies’
coupletion time of the rina. sctivity and in thie rase (s 1. dmys, since the
campletion @ate of ASRIVALY D (e the becinning of the 13th day (or 'he smd
of the 12th day).

62. MNolding this project duretion fixed, the latest firnish time fur the
final activity is set equal to its earliest finish tiue. "hen the "hackwa<
- h} -
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A the sepuence [ines ~onmnecting wtivi?t ot Aot ivities L owr
f respect ively. “iyx g “ne emrfemt iy jsh Ulre f Artivity
whereas 4 8 the sarl.est T ish *ime A Activity ¥ Hence tie
ear.iewst start *iae ol wrivity is 7. “ari.es’ srart ardd 0 {er
times F ar activit, are temporar’ L/ ereren] abhove their regpec:
tive corpartmerta, (Y the worward pe .8, tre lateat srtart bt es
are ‘ravsferred ‘v thw far erd o the rreced. . sejuence line.
and ut below _he lines. a iate,t finish tize of ar activit,
is equal ¢ the wwllest f (he rubhers o, 'he sdjacent ter lnais
Jf the ollowi g, sequence ines, AyRir . Pirure 22, the nwibers
fompd L0 are rut omiom the followirng 8 guence [ ines cornecti:
Activity 1 e, Aetivities W and O, ix arsl ten are tre lategt
start times of .wtivities @ and 7 respectively, therefore, K ‘the
latest Cinish *ime I ~ctivity 31 18 . la‘test start and finist
tines are temporarily entere! helow the.r respective compartrents,
Pinally, usisy & convers,.or tatle shown o the diagsran, undated
start ad finisn ti.es are ~nverted to ralandar iates ard
entered into the appropriate node umwtw?s,{i’ i glrgle
diagrae then shows bDoth the project implementatia. plan and the
scheduling data. The tota.: float or free float i any activity
could he remdily obtained b, subtrectin- the apropriate undated
enitries fru' one another, An additional poseioiiity {8 to plot
the diagrern ¢ a tise-scale Ir order tha’ the activities will

he located with respect to their tine relationshie as well as
their logic re atiocrghips "hias can e effactive.y accomplisnhed
by plotting emach activity node at & postition correspondin: to {ts
eariiest start time witrh respect to a horizonta! time-scale as

previously ..entiored

Bach cealendar date indicates the beginning of the correspondin undated
time date in case of activity start time and the beginning of the next
undated tise date in cese of activity finish date, Also, calendar dates
allovw for veekends. [n this exsmple five working days per veek have heen
assumed ,

- 4 -
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wrediling 'Aata concernin thoee activities

fo oot g e, et YL apply #or exarple | A suscontractor
L u s Teadstow Wi the master proyamsing of a project

o Pt wtee Soctrer Re o utilize interfering
A a “wer ot

e, W le 1t ey be helpful to provide
riay that he wil gve as much schedu-

s Lo Lo, v ot he tee to paovide total
e thrt oot fiisb dates  This whird sethod of

; ot e o redul ing 12ta grovides the naximum

S oreowd lmDienertation plan and schedule for
e omu b e om o airon: effort to meke thia plan
b, the. o3t ue eflective corrective
s 07 tre loeviation:s “he networking
o f et thes any othel nethods developed

PR TR 3 et e Pt B LN

A SIFEIN o armes Lot In three AN fferent areas,
PR . Lte cancer,trate managesent effo.t to aake the
v wiing “he denree of seriousness of changes
oL OO e third involves determining

v 0 e wor eff . otive after a change OoCCurs.

x L s ittt e whoare Lo comcentretie management effort

w sisttge wi'h zere total float are eritical

e Co e Ce pro ect compietion date 18 to be realised.

U I P et t, 17, #vig, very little total float time need

I B I B

caee they will sffect project duretion after a

Go ot SN coiviting navine a comforiable margin of free

e &t tne strer  xt cane wrd require the lemst amount of attention. If

Gour s restpict ot wmve mde 1t sdvigable to schedule activities at cer-
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tair dates, regardless of the arount of float tha* (s ndicated these activi-
ties must be watched. The resource schedules should provide management wi'-

an avarenecs of the importance -~f maintalring such scheduling.

2. The networking techniques give s clear indication of the seriousness of
changee that 40 ocour ur that aay be proposed. If completion of a critical
activity !s delayed or if completion of a non-critical activity is extended
beyond its latest finish date, it is known that project completion willi be de-
layed by the same amown.t unles:s corrective actirr is takean. If completion of
a non—critical activity is delayed vithi: 1ts f'ree float range, it i{s known
that neither project campletion nor the scheduling of ~ther activities is ad-
versely affected (unlese resource problems are ~reated). If completion of a
non-critical activity ls delayed to a point within ‘‘e interferirg float renge,
a problem may or way not exist. urther investijation 1s required. Project
completion is not directly charged, 't other activities rrust he postponed,
Since these activities are celayed within their float periods, the effect is
ofter; unimportant. However, in certain cases such postponements may be just
as serious as delays of critical activities. PFor exauple, if an activity to
be performed by a subcontrector is not permitted to cormence on a scheduled
date, additional delays may result due to previous commitments of the subcon-
tractor at the time that the activity can commence. The total effect may be
a considerebly longer delay extending well beyund float ranges and causing an
increase in project duration. Since the networking techniques provide the
means for deteruining which other activities are affected vhen one is delayed
vithin its interfering float range, such effects as that just described can
be anticipated and investigated in advance by management. Also, the effects
on resource schedules may be forecasted 1if such schedules have heen developed,

73. Mnally, the netvorking techniques provide a means for deterwining the ap-

wawmuwm. They allov the scheduling of all activi-
ties to be properly wpdeted. If project duretion has boen extended and it is
desired to resstablish the previous campletion date, the current critical acti-
vities have besn detaruined. Therefore, project management knows vhich acti-
vities will shorten project duration 1f they are expedited, If cost data is

- 5% .
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avallable, the tine-cost trade-off technique will iniicate the most economical

means to accornplish this expediting. If project managsment vishes to con~
siler newv implementation prograsming approaches, the network can be revised
and the correspondin’ schedule developed. If resource data is available, re-
source allocatior. and leveling procedures may be used to achieve a new
schedule that again satisfies resource restraints,




A.  latroduction

4. The representation of a project imple
cating the component activities and their »
fundamental concept on which all other netv
these techniquen, such as schedule updating
dynemic ones. They involve making changes
effects of these changes on the remainder o
of b»sic networking sechanics will Surnish
for these dynamic applications. This is th
chapter,

75. One of the limitations on wamml appl
ble ., ~. hto successfully vorking wvith la
overall, or master network intoc smller one
order that the important relationships and
ure properly represented by the subnetworks
vork sechanics vill be helpful in accomplis

B lag Yalues

76. In the precedence diagrem the sequenc
quential relationships betwesn the correspo
line conmects one preceding activity to one
cmmtmmmvumnn
s "lag” value vith each sequence line. In .
BAY CONBEDCS &8 o00n a8 the preeeding activ

1/ Jehm V., Pondahl, "A Non-Computer Appr
for the Comstruction Industry”, Tecim
Civil Bginesring, Stanford Universit
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ementation plan by a network, indi-
sequential relationships, is a
tvorking techniques depend. Some of
g and tisewcost trade-offs, are
in the data and determining the
of the netwark. An underetanding
& basis for developing procedures
the principal objective of this

plications 1s netwvork sise. A possi-

larger netvorks is to subiivide the
. This msust be done vith care in
4 functioning of the master netward
. Again, an understanding of net-
ishing this,

lines between nodes shov se~

ing activities. BEach sequence
folloving activity. A useful
pciation of a tise quantity called
A many ceases the follaving activity
vity is completed. In these cases

to the Critical Math Method
A Meport No. 9, Departsent of
ity, m-
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4

tie lms value 6 zero. lr the reasinin. ceses the coamencement »f the Tnll-
ain - Activity is delayed for a period alter the completion of the preceding
activity, Tve usuml remsom for this delay ls that the ~ommencement of the
Fallowming activity is letermined by s~wie Other preceding activity which haas

a later conmpletior iate. Touetimes the delay may he one that has been Llnten-
tionally scrheduled to satisfly swe restraint, o, 7. &8 wait for resource evall-
ability. In these cases there is & poeltive lay value. Its magnitude is
jetermined 'y subtracti - the earliest finish tlue or schedule! finish time,
whirhever is later, »f the precedlr , activi‘y fron the sarliest start tiae

yr scheduled start time, whichever (s later, £ the followins sctivity. A
ias value cannot Le newal ive since according to the riles of network Aia-
grapying a following activity cannot commence until all of {ts preceding

activities are completed.

B.l o Irsepissior Of chap&es
7. he lag value indicates a important characteristic of the sequence
line. Those sequence lines vith tero lag values serve to tranamit the effects
Af charges to the remainder of the network. Those sequence lines vith posi-
tive lag values are inoperative in communicating changes. As an emmple, con-
sider the sinple network of Figure 2%. Sarliest start and finish times have
heer: calculated for each activity and used to determine the lag values for
sach sequence line,6 as showrn. Suppose that Activity B takes & day longer to
perform than (ts estimatea Auration. This ceuses ite earliest finish time
to {nerease by mne 1av as shown on Figure 26. This echange is canveyed %o all
other acttvities ahead that are ecannected to Activity B by sero-lag sequence
lines. The earliest start and finish times of Activities D, £, and G are all
arifted one day later. Note that the schetuling of Aetivity 7 is uwnaffected
since the sequance line connecting it to Activity B has e positive lag valus.
1f the duration of Activity B vere increaset another day, the change weuld be
transmitted in the same manner. If the duretion of Activity B had been 4o~
creased, rather than incressed, the same activities wvould have been affected
and each vould have been shifted to an -u-uwm.u-u-mru'om.
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Crat i An Cesr ped womd te correapoid to &
et o date ever vrevgat the cngt +f expediting

mte o creater thas the savin, in indirect cOBLS .,

Ce T ereral, FLTATHA (11) would ajoear * o e 'he most Lowrioal nasis for
cerinatior, and gl sl wly require 1eve o ent of part of the total
rve.  Fiy.res s to 0 Pl strmte PSR poe edure 80 e by stey, i ures Sk, 55,
and f ) nowever, ghow alao b oe gwAr., eect.o o ar A ag heels respectively, at
tre  onclusioa s the developrar t ol the entire project t1 e=direct cost Curve
for the exaiple. Bl the 1ndirect cost per woek heer estinated at $1,7a, for
example, then the aloalattioo s ~ouldl have heen rerminated following Uycle .
Npte that for project ~rash performance the total direct cost 18 50k, 000, This
amount corresponds to the cogt for Inint 3 nf Fleure 1~ and is substantially be-
1w the BE7,00 anount for all-crash performarnce whict was 1evelnped in Figure
k1. Note also tiat at the apd of Tsele 0 a second critical path was produced
“his necessitated a slightly more {rvalved selection process for activities to

expedited 1r sulsequent cvcles. oither activities from both critical paths had

rne expedlited concurrently or an activity connon Lo both paths had to be selected

the se cases it helps O List the two paths side oy side, showing the portion
sach patii wncluded betveer tneir common points. e most economical activity
~ach such sub-path can o€ ~ircled. Jor the exa.ple ab the veginning of Cycle
the listing wou d be as follows: (e tivity L is excluded from the 1ist since

s common to both paths and noreovel cannot be shortened).
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i) T RECRERAE T LA . e nacunl aporoecr promeed nere
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P . EE - Lo poo w0 e ! o Hy e il tera Ly
B R T S e anaf. ADDEOMCT B0 ALLOWE A leores

s - Ciw e o rem . igtic lata thAt copputer PO edur e s

EEEE T RO s et L R eCTT L ues 1y et racticaliy per 17

s W o o TRy T HS “ Crde gt the possibhlilty af cotalnling & 84
SR w4 ter o rm o er TR CrCu StAnces jiscusased in Lhe a8t
L ow Cwe L e e o diil explisain theee clajims
: v roeire s meec oo far ino this report and Hatheratical 801y~
R v era. mre sae’ W Lhe Assumption thet the activities ir

W omp et oapre o oteperdery ol ne arother except for the sequent ial
FURT. R O S T v tre netwnr. i Rdre. Mros & practical stand -
Piow oy rer ot the o ABE. v.e ~emsures taken to expedite one
a t vt & affect otrers and 1o turn produce secondary cost effects
cat sron, ! e cweideredl.  fometimes irese cost effects need to be
Cwjered 1t tlae-coat trade-cff cycle bein: performed and other
C eer theo arunli e onsidered in performing future cveles, In either
-ase an @nAlysis Hf the {nterdependencies 18 necessary during the
\ntervediate steps of levelopins the time-cost curve, [lhe sanual
e eelyee el e ealoulatio a8 & very reai advartage because it
cerv its a ~ortinuml application of Judgment and resulting modifica-

¢ iora of iata throuwhout the process of developing s soliution.

For exmmple, a lecision to work wertime or shift vork to expe-
ijte a particular activity say nave an effect on concurrent activi-
ries. 1t may Hecome necessary from a practical labour relations

a0t YO put ther crews on the sane schedule. The resulting
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I Lo mgR TN o Least twn e arit ot ee LAt es roar eeen

4 Che cpeect AVEe Neen TOnAl lere & o irlo requiresent
S ie wmn Cle cars witDoLne aata presantet i loure 4. and in meneral,
s t.e req. recert T Wil coputer procelures. e er | A M

qlva, tage of e DAl W, procedure 18 trhat a conplete set of woa is
ot required.  The only L sst glope lata rieeded al A specific stage Of
the procodure 19 t.at £or the ac*ivities that are critical at that
it Vese gererally include a soall proportion At the total

act i vitie=s. Lreover, A Coapetent eat tuator can usually elimirate
the majori.ty of these ~ritical activities from detalied consideration
vy a rapid exarination and then rorcentrate on a more Aetailed analy-
sis of the (ew remaining ones. ror exanple, in the case of the net-
work »f Fioure L0 there were {nitially only four criti al activities,
Activities B, D, H, and L. “wo of these, T and L, wer: of such a
nature that the estimator could eliminate them from cosideration a*
a wiance, ‘herefore, 1. would only be necessary o exsi.ine and
Jevelnp data for two activities at the dbe;inning of the time-cost
trade-ul. procedure for the previous example. when later in the pro-
cedure Activities A, C and G became criti «l, these activities would
nead to be considered. Hovever, acain, the estimator would probably
postpone a detailed analysis of Activities G and A since he could tell
very quickly that Activity C would offer the best possidilities for
expediting. The importance of requiring only a ainimum amount of
qata for effective application of ti.e-cost trade-offs cannot be em-
prhasized too such. It is a tremendous advantage in implementing
these potentially powverful procedures. It is an inherent advantage
of the manual cycle-by-cycle method of calculation.

1t was mentioned earlier in thie chapter that the activity t ime~cost
curve is often of the saue general shape as the project time—cost
curve, This is logical since many activities can be expanded into
networks of their own and be considered as projects. Such a curve

was shown in Figure 3L, For each activity with thie type of curve

there is s period of possible expediting at & cost slope coneiderebly

less than the cost elope determined by the two terminal points of

the curve, If many activities are not expedited during the application
-0 -




b S D AL = W v ey Al Bt o R O T

ETer | e SO AL Lt rABl. e orry A TR

E ' favouirml (e prort g 108 Car o et LA S O .

e wvAriookec. It dn oser  Loportar 0 ome el - . Tt et
reaniies Chat exped it ler sl i e e TR e LW et e
ranges of the criticm]l a tiv ties rather than » the @ mto ary norme, -
crash cost slopes. This 15 eeldn practical | LT Er IO el e
since the data requiremerts ror Bulti-gement Aactivit, *ime- ¢
curves wold be prohititive, .4 1iscuseed under point (b), trne
requirement for only two time-cnst olnts per activity {s often s
serious ohstacle to practical {nplementation, Howvever, with marual,
cycle-by-cycle calculations there is no probles in taking into ror-
sideration the low-slope (nitial portions of activity tine-cost
curves, Generally a much more favourable solution will result from
lim{ted expeditin; of a number of activities insteai of exped(tin-
& few all the way to their cresh lim{itse,.

lecause of the almost infinite nuaber of schedulin; combinations the

project time-cost coordinates My actually approach an almost smooth

continuous curve, However, this {s not as true for activity curves.
They are ofter a series of discrete points that represent a limited
naiber of alternatives. In some cycles of the develomment of the
project tine-cost curve the amount of activity shortenin: will bde
deteruined by the network interaction linit, 1If from a practical
standpoint the activity Lust be shortened by an amount of ti.e greater
than the NIL in order to achieve project shortening equal to the
NIL, the true cost slope vill be hiffier than that based on the as-
sumption of a continuous curve. There ray prove to be rore attrac-
tive solutions based an expediting some other activity or based on
the performance of that same activity by an alternat!ve method pro~
Mimmmtormmmwlymmmwm. This
aitermative method might not ordinarily be considered because it
appears to have a steeper coat slope. To 1llustrate, consider the
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cnvertional two—poitt activity tL e—cost curve NiC of Flaure 97,

“re cegt elope s apparently $0 per dav.  owever  assune that the
1L for shorter ins tris activity 18 o la,s. Therefore, expeditin:
te tre crash Limir owouid only yroduce twe days of project srorteniny
{ the rew 1ero-1Ax sequence [{re created a now critioal path that
would cause this activity to recome non-critical., However, the rost
{rcremge would he $L0O7, The effective cost siope ts $200 per day.
There may be other activities that offer more econonical solutions

for two “ays of project shortening, T, there may be other dlscrete

screduling soiutions for this act|vity, such as that corresponding
rvo Print A, Pairnt A represer ts a nethod of perforrance which,
though 1ts cost slope {s twice as great as that of Polnt O, pro-
vides two days of project shortening for $100 leas (an effective
cost slope of $'50 per day).

If curves are not truly continuous, eost-slopes offer a rather
poor criteria for selection of activities to be expedited., The
manual, cvcle-by-cycle nethod permits the programmer to. calculate
the NIL for a proposed change and to consider specific alternatives
with relation “o their respective NIL's., This will permit more

intellicent time—cost trade-off decisions.

F. Time-Cost Trade-Offs for Subnetworks

129. Time-cost trude-off analysis ie ideally performwed using the entire pro-
tect retwork. Althoush it 1s possible to take advantage of the fact that only
limited data for selected critical activities is required for application of
the manual procedure, there are practical limitations on the site of network
that can be analyzed, The use of the dateline cutoff subnetwork, discussed

in Chapter 3, offers an imperfect but helpful approach to larger ne tworks.

15%C. This subnetwork approach is imperfect because all of the opportunities
for project expediting do not occur within the subnetwork and thererore are
not considered in making decisions, It is both possible and probable that a
sore eccnomieal method of expediting is offered by activities outside the
subnetwork since the subnetwork represents a small portion of the overall
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¢ T e pe oare ~u.tiple critical pa’ s, the nptimur. expediting s8cl it ion

e edve tre ooint expediting Af ar activity withir the subnetwork and

arcther 1 1 .ates portion of the pinjdect, However Ly confining conslderation
Aarly te the work within the perisl of the subnetwork, these optimum solutione
T | GRS

it . toperfect golutinng which result (n irproved, more eccnonical

Cw tie L wcruer than no anlutions At all, Py establishing a value per
o owmtt (e.q. 3 per day, per weex sr per month) for earlier project (Guplie-
tici., » targ t is available for jud,sinz vhether any proposed change will resul.
in ar {nrovel scheduie. If the change shortens the project at a lower cost
+ a0 the amcunt saved by the earlier completion, even though it may not be
*he cptinun improverent possible, 1t 1is advantageous The chances of achliuving
L rar-gptimuz solutions are greatly increased by the ability to consider the
loa e =6, pas of the initial segments of each critical activity time-cost
carv:. This increases the number of oppertunities for expediting within
.ach cubnetwork and tevds to reduce the differences betveen expediting oppoi-
tunities within and without the subnetwork. 1t seems certain that an analysis
boed un consideration of these low-slope segments but 1imited to activities
vitaln the current subnetwork will produce better results than an analysis
v +d o a .onsideration of the entire network at one time tut utilicing the

ac.u ptior. of wwo- point, single-slope activity time—cost curves.
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132, The execution r DOSt protect LIS LR S Pon Tegilreg ty,. stilizatgiey of
or more types of resources, 1, Be L eu ey LA, Coe.g (g . lnnsiﬁcatlm;s
persorgie ) rofes  long s d workers, ik
category could be further class(r|ed uE for exanple, workers Codd be ~lags:.
fied into Carpenters, qualir] ed velde, s “Quipest EIALOrS.  Thege re-
Sources may consist of types ot SquUipient g 0p &3 rower s.ovele, tractors,
Cranes or trucks, [p sare (rgtances they ray te types f mteriua, SuCH ag
concrete, or structural yron and steel
compl eted 2ight even be treated . Vi) i the Procedures to De discussed.
f these resources that A" required g, the
are ava{labje only {n g Hmited supply. 1I»
Some cases these Umitationg Are ng* 8erious, often they impoce rea]
restrictions that need to bde considered (g realiitic yn4 rtellzent rojece
Schedule 15 to be developed .

Sequent  a) relatiomhipu have been
based on dcrlnlng those &ctivities that ust hHe conpleted hefore Oothers can
be started, Activity scheduling heg beer. baged on these Sequent ial rela.
tionships and routing calculationg that also Fequire estimates Oof activity
durationg, At n5 potnt has the 188t {on been usked "Are the

to physical sequencir, re traints. ¢ is true that certain very
clearly defined resource redtrictions hay be taken {nto account while

take
activitieg that require the use
are aore subtle Ones,
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Preque. . 4 YITLC LT | 7 Y e qeoelo,er f sroosiures DT TheRs ST OIS a8
5 AeE TR LE,
R v LAt T 44 e B sr.ete 1Pl it i tha o
vlap (s 4 caor step towsrle Teosen 0T L e e, pmer ' Al resource ache-
{108 {1 ea-" 1 nortant resourcos Wl T e sgf e Lre reRLIUE ML ati o
L fllta tnat exist, b resours gche’ e 18 a .iatiog L the o amter of wite

4o temt egource frmt 03 rec ired torin, wacs time anyt “ar the sper: ol the
orocect Goaation, o otta res urce o Declules ! {4 recessary £Or tre e@tl-
mator ! e st lata sav o, Lo resour of ey lieren o oem o oact lvity,
These requiremsrte sho.d e Dasec A co, cethoal of Lerloriance thatl Corref-
ponds to the duratiom that rac e estimmted (or Lhe a4 ety it i aLsn
necessary to have developed a s aduie ¢ the tianine of the perf rmance of
each activity, A grhedule .aszel o sLArY it eaCH activity at {ta ear.lest
start late offers a lwl 8&. iritial soeiuie Dor purposes of prot lem lefinie
tion. AV INe resource redg.iremer ts o smcr activity arci oA scheduling for
eact activity, the levelopuert ¢ resource sctedu.ee Livolves & t ime-unit by
time-unit examination of rhose acrivities i prowress, the gumation of the
rumber of units of each resource required luring eacn time unit, and the entry
nf this total figure in the proper . csource schedule. For purposee of &

sas ple protler corsider the project network shown {n Pigure 5. Assume that
trere are three resources required for tre performance Hf this project ich
are avallabvle {r very limited supply and theretore may result in scheduling
reatrictionsg or pr~lect activities These resources are desigrmted as Re-
sources ¥, Y and 7, and the requirements for each resource by emch activity
are showr in the diagram under the node aymbols. Seheduling data for this
network has been calculated, and the results are shown in the tabulation in
Pigure 50. Activity duration without considerstion of resource restrictions
18 Sk weeks, A schedule vased on starting sach activity at its earlliest

start time is shown in Figure 60 and the resulting resource schedules for the
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. . A Y @oeer ol cep m TR Lat Lot sl el ource allocetion pro-

ey mess v ree L re LArge  wputers and consllers e rourning tlue on this

e ey o el s ot e sear-opt imur oLt ions. Vony of these
S o A T VICHNNE Sl GUE S ¥ QR L Ve grobie 18 ow complicated one bDeCRRSE O L8
a mgt [ tmtA Lo uee | re ppeoariiit, that a caaslderable amount of this
R Pooalate et tre o teractiswa that occur vher activi-
e mre P et e gl Chee aoeomt L r Ut ess numtar ! reschedullins combina-
P T T TPRTS I Thepet et L a cenerad.y O laimed that carmputer
I T v v ap wpe e.cm * o] . vty the meyy (tude of the data
YR BE .3 & R TR R

doe e r e m e e e acved ies leveloped Ln Flgure 60 for the

B A o Ve teve, e ' of ur arhedules 1w ot a new cancept for s
totmoeeriier C w @twiork i Ve by | pues he. ar te leveloped from bar chart
s renl . ms s 4 4 resource red.lresents are provided nhy the estimator. Cure-
PR SRRV L T R S LRt o o s nedules for lmportast projects for many
e inwdyey T s ma o' e & crenorn practice for the wajority of pro-
-t E Ve ressow . w BRI C L, oare ‘het a4 Lot f iats must e fumished and e

w oAy terat e amourt of Ciae ard effort o st he expenied. These are not parti-
Cme oy doadd remsow s o % jeve| pir . rescurte schedules, since the time and
Bt Yot w generml, s o fitaliy spert . gt tre TARct remains that project man-
P L AR cwomee . opocesmt Lite lindiy with respect Lo resource prob-
s Loae to tre tprogt e irvolved 1 developing evern a single set of resource
D" (f tre 1 tial resource scohedules vere leveloped and then (f
4 retul gt e es esre proposed | sact such rhange might require extensive

el T At me f s riticAL activity were reschedu'ed or (f a non-critical
4t i ity smre rea o ndLied 0 (tg irterfering float ranye, other activities would
aia cave to e resched ol These mctivities may ilnvolve a nwber of different
FE& AL WE “ve riginal ~hange whlch was aimed at a specific improvement in
wie port o f we resources sghedule may produce many changes in other portions
;7 otrmt resovurce scheduie as well a3 ~hanges in several nther resource schedules.
e f trhese ~targes way; e unfavourable and may even nullify {mprovements that
rmve e prev' wsiy achieved by ~onsiderable effort. In view of these problems
[t semus irilkely tha! a maual procedure can be & practical and successful
wwthesl Por Aeveloping project schedules that prowide good solutions for meeting

resonree | inl LAt L ons et this is the purpose of this chapter.
-~ 11k -




€ epe Tnet vt 550 e uroe IR o W
cairbed 4o Loie mees poorly o g Jther v
CLhocle prowider v bence that guct TR RTE preet ] o,
TEFS Are v oy ALOTRLe Comiuter P erted resour e il lor or raag
Aetonnt Lol a nfl o itesima. ,er artage [ res e Y e, et
‘he other extrere ‘rece | ow oo peete o “foadias e poracr oy
pemsoare golvel o e arice Vie a,prea b : ettt e
Yioooar an urd e Lt raet g el t Jhere f 1 “ark a o here
certaln wlte f R ent (n o the g te Al Certalr uer. 1 port for «op. Lp ¢
MmO If there are 11 8ul {cient e ejdlaent Lo perforr al. tie e
‘et 13 ready to be dore, scae vork nust ne poslponed Foue.n Wroor Dtey
otk to postpons ts sften left te the craft foremar anc decigiorg are Lascd or
Julament and {ntuitior rather ta any precise knwled, e »f criticalit, and floa*
timea for activities. If there are aore cen or equipcent tlan needed, ¢
toreman who declides how to keep them roasomAbly usy or, .o the cage  F tpe

whether *o lay trer off, Mo rat’ how crade this process Sa te, 11 corot, -

tutes a resour~e all oation te e,

PRy Both extrepes practice “ae certalt advarta,es and Headvantaces, The
Tomputer car handle the larpe mmunt of data and -~ yiputatioral stepg that are
roi*i.ely required and car apply mathenatical proedures +ooyr are u pletel
prohihitive ir sanual processin.. o the otier and, .' ~u ongy corsider iuple-

o

el tation programati g and schedulin rodificatios that [ nas o ee PO Tranne |

Lo perform and for b (v has eer suppliad Laput fata, Ty (- possinle, in

8 [vActical serge, Yo prograc e conputer t. consider all alternative. thet roicht
b poseible and lesirm! e i: specific sitmviong r to furvisr 1oL te 4.1 *he
tata that {* wight Moesibly mmke use f.  fnothor dicadvante ¢ ' Lore locations
10 thmt resource allocatio proqracmes require very lar e capecit - computers
wvhich are not alwave reatly ssailable, [he disadvantages of the other extreme
of practice shouid be apparert from the (1] Astration irn the precedin, saragrapt.,
[ecisions are made at the lLast wcment when the opportunity for favourable solu-
tions may already l'ave been lost; they are -ade wit hout ‘enefit of data that
could be helpful, and they ure ofter made ty a level of ranageent that ray not
be the best qualiified Lo make them. An advantage ray he that they ‘o not require
- 115 -




Lyeoutes crulte ent that e not avalila.le. llowever, repardless o0 the avail-
i lite of computer facilities, an even ~reater advantage s that they permit

tp axerclise of vl ment “here are aany pOssilie WAYS t. resOlve refource col-

fliets,  ne is to reschedule activities his {8 'he principal, and oft 2 the
wly  basis Tor e’ for-a. procedures, fowever, therc are ther mewgures tha!
Can te st as affective, aetivities can be replannad to change their rescurce
r-quirenerts. When ar estimator is required to furrish resource data, he mus’
provide a listin ol resource requirements in specific numbers. However, given

tr.a opportunitv, hie can generally alter these requirements or even eliminate then

o adoptine a differert iethod »f perfor.ance, lrn sone CABes activities car e
interrupted temporaril . Tr. some cases resource units can be torrowed fion trer
~tivities without completely irterrupting them. Jometimes resource units can

ne shared Ly concurrent activities. "he clever foreman .n the construction pro-
ject tllustratior previousl used who s raced with a shortage of resource unita
will often consider all of these alternatives and a few more. He has an ability
which cannot be programmed into a computer and vhich has allowed him to furnish
results that have heen widely accepted even though, on analysis, the method
~ppears crude.

‘4. It {s the purpose of this chapter to propose a middle course. It 18 as~-
sumed that computer facilities are not available and that, therefore,K a manual
procedure is required. ~“1g manual procedure rust be within the limits of
.ractical application. It should take advantace to as rreat an extent as DOsSS-
(hle of knowledge of basic network scheduling data and the application of net-
work mechanics. Such an approach cannot be as sinple as pushing a hutton and
awaiting a printout of a golution, It must requirm a ~onsiderable anount of

. xperinentation, calculation, and analysis, which si1! be hard work, However,
i, cases where a prolongred effort is to be experded in the impl euentation and
maragement of an important project that requires a ~onsidereble period of time
for its performance, this effort ts justified Perhaps if it wvere necessary to
programme A large number of very short curation projects, only canputer procezsing
could provide practical solutions to resource allocation problems. But the fact

that this report concerns sinzle projects, or programmes involving a limited number
- 116 -




S projects, Ltha' extend (o8 OnLhs 5 years €& *oa’

afford to take tre tire required % the procedures ' he (ropos e

80, they wili ve rewurded " n auch more irtell iy ent .der tor .

larr with which they are jea lr, ‘- the Proorasomer oMo L ite b

Liack Lox” and mccepts whatever solot.or g rot urne N T

a nmore [(ntelligent understandins of a pro la. ghowld produce .ore nte 1§ -er-
solutions. FProcedures for three cases, 2@t o Increasin, coaplexity, wi.. e

discussed helow,

"o Manwal Resowrce Aliocation Precedwrgs - Sreparatory stepe

161, An fritial step for the jrocedurcs to he 1imcggeed e the develsraner*
resource achedules for orne specific projyect schedule whish, except for resour-e
requirements, would he a feasgible scheduling soluticn., This step ig not esser-
tial {n the “ase 17 procedure, below, but is helpful there aleo "he 81..plest
schedule to use {8 that bhased o the earliest start timee of each activity as

shown in Pigure 0. In the procedures to be described activities are resche-

duled, or other changes are made that wAy require activities to be reschaduled,
in attempts to elirntnate resource requ.rements that are unacceptable ard to
inprove resource schedules. A3 a result total reqguirerents for eact *ire und

are frequently changed.

142, If the nechanics of physically makir; ~hanges in the data tabulations
are simplified, the possibtilitics for inprovin schedules will be expanced A
method for accomplishing this 18 to use & worksheet consisting »f a large piece
of cross-section paper mounted or a sheet etal hacking. A time scale ~an ‘e
shown horizontally across thr sheet with each colwrrn of the wrid representing
one tine period in the time units choser.. [hen each activity car be represented
by a har cut froe. a strip of uagnetic piastic. “uch plastic {8 inexpensive and
can be obtained in rolls of strippin- in wvidths as narrow as 1 L inch., It nav
be painted vith an enamel paint. Then a wax pencil or a pen usin; water soluble
ink, either of which are easily ootainable, can be used to mark resource require-
ments on each activity bar. These entries should be positioned to match the
horizontal scale of the grid sheet in order that a single entry vill appear In
each time-unit column over the time span of the activity, It {s not essential to
- 17 -




WPt mharteotanc s et e turas o o 0 oot v 0 0 eaule ) auch us
oy te o te cnoser and oalloAary s o i aen th fra the ralle of
rrippie oAateroyT, e Y for ey iV 0 o e Laede G by tlacing these
TS oo bt el T Tt e s e e e o the Uinal lengcth Llank,
Ttors wlse Tt il e number f D fere st tones O ronources o he cnalyzed
is not too creat | touse a JiuTerent sloir sar for oeach resource The ragnetic
striv o nmacerial cuw e weinted ooy rambter of past ] oshuades o to at leanst £ oto
ftferent coionL o, Pese il peratt el markin, With jencill or pen and will
CERE L over easy Lo visalize e or.sine ! the various resource requirements,
TP oar netivit o requores ore thar e resoiroe  TTerent coour hers tor each
recuree cgr e oan e e s o ve another o Loorponite tar tor the span

D the activit e, i proyg oD bars can ve roved ar 4 gt when reschedulin.

of the activity o porfored.  Strips o1 wwyret o plustic can also be nounted
across the Lottar o0 e worsshieet Lo preeeive entries of the totals for each
time period. If -olowrs are used to represent different recources, one strip

5 eact. colour gparning the wntire project buratic, is used for the totals,
‘ntries can he uade i oa siklar uanner to those for the activity ars, i.e, with
reass pelnl! or water solublde ink, 8 uctivities are rescheduied these entries
can be easily chanred by carefully wipir  out the vrevious igure and entering
the new total. This arrencerert per ite maki:.- chanes in a nwore prasticsl
panner tLAr entries diprectl o the cross-sec Lor raper W th sul sequent exten-

sive eres.ng.

IR o addl tional refinement to the a'wve procedure to allow experisentation
Wwith inges that oavolve st tinge a rwoer of activities {s possivle.  Sowe-
tines a decition concerning the lesirability of a proposwd changse cannot he
reached unti! rat.er cxrengive charo oo have [eer rade  An extra hlank strip
for each resourcc ca” .+ Drovide  acr o6 Lhe botton o the worksheet adjacert
to the strip on whizh Lotals per tine unit are entered. "he Lars for each
activity favolved in the proposed chanice can »e “eft {1 their original pesition
and merely ve turned over to temporarily elininatc then frow consideration. New
hars can be made up and placed in the new proposed positions (pieces of magnetic
strip can be laid or Lop ol portions of the turnad-over strips, s0 extra
vertical space need not be proviled)., The new totuls can be entered on the

- 118 -




extra blank stripe at the Yottom of the vorksheet after “he oropose ~range g
completely processed and all affected activities have been scheduled {n thetr
hew positions. Ther. these figures can be compared to the previous totalsg
directly above them which have not been destroyed. IT the change does no* prove
desirable, the nev data can be removed and the turned-over bars restored to
their former positiors. 1If the change proves i be & vorthwhile improvement

the turned-over bers can be reuwoved, the entries on the original totaling
strips on the bottom of the worksheet can be changed to watch those on the
8pare strips, and the spare stripe car Le blanked out for reuse,

c.1 ML-WMM

1k, In some cases the resource restrictions are not severe and the eliminat{on
of major peak requirements can be achieved by a relatively simple shiftirg of
activities, mostly within free float ranges. This shifting can be accamplished
by moving the nagnetic bars repoesenting the activities to a new position and
cranging the totals affected at the bottam of the vorksheet. If an activity g
shifted wvithin its free float range, there are no chain effects. Therefore,

no other activities need be shit md, This ls the sinplest possible type of
change and yet can be quite effect.ve in many situations. Of course activities
can also be shifted in their interforing float ranges if the affected activi-
ties are also shifted and a1 necessary totals corrected. If the chaing of
affected activitiaee are short ones, a Frohibitive amount of effort is not re-
quired and such changes may also be practi-al to process. C(ritical activities
can also be shifted and other activitiss can be shifted beyond their float
limits 1if the improvement produced ig vorth estending project duration, Hovever,
unless such changes occur near the end of the network aliagran, there are likely
to be many activitien affected and o large amount of data modification required,
Therefore, schedul ing changes for solving resource problems by Cage I Procedures
are limited rimarily to changes involving the use of free float time and such
other changes that do not require an excessive amount of activity shifting,

145, Pigure 62 shows a rescheduling of the activities of the project network of
Figure 58. (nly activities Vith free float have been rescheduled from their
@Arly start times, and rescheduling has been limited to the free float reanges,

- 119 -




BRI R e Rl ETT R - - s . :

Faod roes

N e ]
TaLow "
[ SIS | :
[ cl
[ G 3
Lol P 7 .
0K
v

R




e vertiesl lines opnocite ewme oot iefe Pilonre the v i
rescliedulin: By markiig Lhe esrl ogt atart time far ol the en?
free float ticre. 1 this res-hed s L Yt beat lor oy

of course, Dreaver. o act [vit yes hpte e LrrteryLt o

tiey, beer repianned to change rer o pee recslrenerty . dwwiever | Lhe L ppeacer e

fe {mpressive. The maxl.; g requirerert for Desaupee L vas teer D oagered fpeg

Lhunits to £ unite Yewe Cor desour-es 1 oand  have Leen reduc ot respe -

tively, fron © to 7 i from o ) 0 Ve o e reGUITERr S Foe pee o ree
could quite eaglly ve reduced fopthes o 4 Wrts Y sy extendog,

duration by nne veek an g RpLds ' “raoa Jui ko oexantnat o

The montinuity O resourcs Cinagee ae nlen eer 1 urove., nee s yaro
required, it {r used tortinuously, 0 varying a cunte . ourtis 40 ls 0 Lo cer
needed. Resource . builds 1p to (ts axicu that “hen resa.ns constan except
for a single L-week reak, as canpare’ 'o two ‘reaks and a leg: uni.Jor require-
ment in the {nitial scheduie. e cchedule of Fi.,ure . i definitel  ay i~
provement over the schedule I [igure /' fror. a resource standpolrt, ard et

the schedule modifi{cations were very sinple to rake.

144, Tt Aoes not seer necessary or desirable to levelop a set ~f etrict pylee
or a definite procedure for tescheduling of thie *vpe., Tt nvslves a tr.al
and error Juss’ing that can bve accorplished ~agil - wit) the orye: ~a! arrer;e-
nent of data or ragretic stripe that has already heen suvested, | hether the
best possible angwer is nbtaired deperds o tle skill an? {nasinatior and ik
of the person in ~harre. "w! ar initial schedule ~ar “e corsideral ly (rnroved
ir most instances. If thir person also considers Buch ueasure: as replancin:
activity performance, borrowins resourc~s terporarily fr. concurrert acti-
vities, varying resource usege durine the performance of an activit o, irter-
ruptins activities, sharin~ reac-irces “etween activities, and a host of ntrer
possibilities, he can proba®ly irprove his ori~inal schedule to a much rreater
extent. Por exanple, in the schedule shown in [irure €2 it i7ht be possible
to renlan Activity 1 for performance in % weeks usin~ 4 units of Regource
per veek. This would increuse the resource-weeks of effort ‘rom 10 (5x2) tn
12 (bx3) to allow for some inefficiency in the alternative rethod. nut {*
- 121 -
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allocation teclniiques are spplied Lo the Achedul{ny of the engineering ans
pre-constructior phases of feveral projects withir A prorracie, The reso.rres
™y consist of various ciaselfications Hf professional ard gkilled personnel |
often employed under the sane roor, . this cmge ‘here g ramplete motg]ir,

of the resource unite fror the;r eaployment or one project to enployment o

another. A shift to & new project mf{ ke wily involve ~learing ore's desgk or
one set of plans ana starting to sork - Another. However the ther ex-
treme might arise in the ronstruction phase of the same projects. [hey n; ht
be situated gt videly separated Ioca'ims, and each .{~ht require certain
types of heavy equipnent that are i very ghort Bupply. This would require
soving units of eqiimment from » ®&ch such mowe would

Qf course there Are many vays in which the aulti-project resource allo-
cation prodlem can reach still nizher levels of conplexity., It gg possitie
that some project resources wvill be drewn fra- the Common resource pools of
the overull prograame vhile others come from pools available to a single pro-
Ject only, Or, there can be ever. more complicated combinations where pro-
Jocts within o progranme bave common pools for certain resources with cer-
tain other projects and different common pools with others. |n & gimilar
fashion, certain resources may have interproiect mobility with regpect to
some projects but not with respect to others.

16k, 1t 1g the Purpose of this chapter to 8uirest possible modif{cat{ons of
the single-project resource aliocation procedures of Chapter 5 that vill
neet these general types of additional complexities. It {g not vithin the

of this report to develop detailed procedures for the multi-project
Case nor to present a detaiied treatment of sauple problems.

the most favourable resource allocations
scheduling data for each project (earliest
- 133 -




s latest start cuct fiaioh tiles) can e oo puter! separatelv, [ all the
roiects Are nol ' e swwerced &l the sane tiv.e, the starting times of thelr
¥

inftial activities sheuld ea i e related to tre overall prograrme time sche-

Aule., For exarple, if Froject A {a to start , ‘Ja,c after the beginning of
the first project ir the pro.rame, the earliest start time of 1ts initial
a~tivity should »e set equal 'o ¢1 hefore the forward pass calculations are |

~ommenced .,

17, If the projects tave Alfferert prisrtties in the opiniorn. of programse
aanagcement | these prisrities reed to e expressed in a quantitative manner.
“his is rot always sinple, nor perhaps diplonatic, to do. However, there vill
ne conflicts for available resources which must be resolved., Othervise a
resource allocatior analveis would not be needed. Resolving these conflicts
will ofter require extendir. - the durations »f at least sone of the projects

in varyin’ awmounts. [he “irher the priority of a project, the less desirable
it fs to extend its duratior., One logical basis for expressing priorities e
to develop the costs incurred per ti~e unit of added project duration. This
{s the same firure used ir the time-cost trade-off procedure of Chapter 4 to
Jeternine when the most favourable schedule had been achieved. It {s equal
to the indirect costs for project performance during the tine range follow- i
ing its earliest possible completion and also includes those costs represent-
inr lost income or extra experse as a result of not placing the oompleted
project in operation. If sucl. flgures can be developed, they ~ive an ideal
quantitative basis for project priorities and can Le used directly. A less

precise alternative is to arbitrarily assign priorities on the basis of the
judgment of prograrme managenent,

1¥7. The basic procedures of Chapter 5 can now be applied, Assuming that
+he resource restrictions are sufficiently severe to require the Case II pro-
cedure, nmodificatione of this procedure will he discussed in further detail.
Resource availability limits must be initially set and can be determined by
one of the methods suggested in Chapter S. Then activities should be ordered
{n late start sequence, Rather than list the activity labels on the worksheet,
as proposed in Chapter 5, there are advantages in ‘lut.j.ng the activity data on
cards and using one card for each activity. One reason for this results from
- 134 -




the laryer rumber of activitiey rvolved, e g CERETAL e g
assign one row on the orid of the worksheet . g RO R 2R ‘Brrer
a band of rows should e agslpred ¢ pep STCieet L TV g e~ ‘Ara Lo
carry the activity resour.e s rayv qige fnciste the EORE B I U
non-concurrent rCtivities i1 the SALE [r5 et cap ot placed ¢ rg hame  pd
Frov. As a result the hand OF vert . a. Siacs rejulred for amch proie s et
only be suffici{ent for rontairiry +pe raximur v oumber of ACT1Vitieg *hpt g

be performed concurrently, Hence, thie (s a 3jace savirg ceasre. Another
reagon for listing activitier on cards {8 that the order{n,- nf activities wil:
char.ge during *he scheduiing proe a~ure,  Tr e R S L O e ST DL
Ject {8 extended the la‘te stars times for activities ., that project gre 5!
increased by an amount fquUAL *~ the (nerease {r proiect Ayuratior, Homever
the la‘*e start timas A oactivities - “ther pretects are unaffected.  {;np

late start times are the bagis ror ordering *ve Artivities for sohedylgr .

reordering ia necessary due tc *the ~han;ag trat ocrur, Witk the activitieg
Placed on cards this reorderinys (n simpie. e oriciral iate start time n¢
each activity 1g listed in the upper corner ~f {ts cart and the cardg are
arranged in order based or these [{,ures. Then scheduling of activiti{ies
comnencer vith the activity on the first card, then the rext . etc,  Jhen-
ever a change in project duratior. heccaes recessary {n order %o resolve re-
source conflicts, the magritude of tre change g liated {r an assiyned COLLmn
of the vorksheet in the horizontal rand of that projtect (n a sirilar marner
to the listing of delays in F{,-ure A%, As each card {8 exar{red rreparatory
to scheduling 1ts activity the total delay of {tg project 1s noted fror
the vorksheet. The late start ime on the ~ard is updated ir necessary
and the card {s reordered accordirg to its updated late start time {r r.eceg-
sary. If the card needs to be reordered it v1ill not be scheduled &t that
time but, rether, the next card vill be examined and the process continued,

168, When resource conflicts do occur durtng the scheduling process, their
solutiéh’'1s complicated by the ratter of project priorities. If there are
no priorities and the only objective is to tomplete the overall proqramme in
the least possible time, then all the projects can simply be combined into
e single netwvork. They can be tied together at the beginning by an event
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frooshiftivg regource 1t e wwpeyer r it mges L rL rities for regietion

e inddvidaal proes te wltlr fre croormmre 1 cx st ow Do need Lo e oon .
Ciered, AS PR ACTIVL T, s B0t et o s ASTe! ! itripe are [aacet om Lhe
Fil oaheer, It s Y, ULl te o errter tre s tiuit, g, o Che gpper et core
rer ~f thig tAar Amsger’ ., a0t (te atest firpal tive |1 The pper rigrt wrer .
Latest fiplsh t.me in orrelera e 0 atesr start *ove For s purposs sirce
rre activity may e nterrupted 1urd the sched | lrg LrOceEs, Yig Figure
will gerve the purpose N1 S8 OWir, Wwher the ore o ect g e g extenied {n tura-
toor and, during tre s red i AT ther goriaities, sl perwit 8 repid deter-
~{ration @f the f.a* *ire ~f ar, previousl, s red el act{vity., The wiginal
(ate finish time valie snouid He uged, Tt ocan be juickly updeted hy ziancirg
at the rolamn 1r Jhich proect lelays are *alulated and adding the smount' of
ary ielay alread, irourred t. i3 preect. The Cloat ttae of an activity can
‘o determired easi.; v autrActing the ste w wrich the artivity {s s heduled
Uap sompletion (the tire it Of tre Sl (roWhich the activity har erwi-
nates) from (ts uapdated [atest ooiar tire, A8 activities are scheduled tre
{r.timl atteupt (s ~ade to gtart ther lmmediately after the lates? of their
precedin,: activities ‘ave heer ~wpleted, e {Jentity nf tre preceding acti-
vit{es car he noted o, refererce to the appropriate retwork diagram, © ot
{g nelpful tr 118t eact activity's preceding activities on 18 curd, e
“ars of the precediry activities are ~hserved on the worksheet to Aeterwine

tbe emarliest possitle start late for *he activity eing scheduled,

174/, ye to resource liritatioms {t may not he possible to schedule an acti-
vity at the earliest 1ate followings corpletion of ite precediny activities,

In this case etther postporerent of this activity,K res-heduling of other
activities, or some other neasure is required, The entire group of copcurrent
activities requiring the limitin: resource, including activities previously
scheduled and the activity currently deing scheduled, are considered together.
The first objective is to try to confine any rescheduling to float ranges ir

possible, The second objective is to observe priorities if there are alter-
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