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AN INVESTIGATIQN OF HEURISTIC DECISION RULES
- FOR ALLOCATING LIMITED RESOURCES
IN STOCHASTIC ACTIVITY NETWORKS

by
Gerald Stiphen_Chupik

The effort of this thesis has been directed toward the examination
@fUdecisioﬁ;rules,cqncerning resource allocation in stochastic ac

ctivity

networks whose resources are constrained. ;Specifically, the objective

was to determine if any one decision rule serves as an effective
- one f@fﬁpr@@&@ingzchSistéﬁ%ly 1@W‘C®mpletion times in any networxs.
The approach taken was to simulate the performance of each rule

in a;given-netwofk'uging a simulation program called GERTS ITII R.

Four networks weére chosen to provide the situations for exercising

each of eleven decision rileg seleected. Since resources are limited,

itAbeCOmes;impOrtant‘to;dQCide‘Whiﬁh activities within the network

are to be undertaken at a given point in time, in order to achieve

‘minimum project conpletion time.

Thﬁ results of the experinent Sh@wed,thatA+l(l) there is a

definite effect on project completion time pésulting from the use

of different decision rules, (2) the resulting project completion

times are dependent upon the conjunective use of network configurations

and rules, and (3) the application of no ene particular rule will

guarantee a minimum completion time in all networks.
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ABSTRACT

The effort of this thesis has been directed toward the examination

of decision rules coneerning resource allocation in stochastic activity

networks whose resources are constrained.

Specifically, the objective

Ain a given network using & simulation program called GERTS III R.
Four networks were chosen to provide the situations for exerclsing

;ea¢h Of-éleveH:dﬁ@igién@rulas selected. Since resources are limited,

it becomes important to decide which activities within the network

en at & given point in time, in order to achieve

minimym project completion time.

The results of the experiment showed that (1) there is a

definite effect on project completion time resulting from the use

of different‘decisidﬁ~rules, (2) the resulting project completion

times are dependent upon the conjunctive use of network configurations

and rules, and (3) the application of ho one particular rule will

guarantee a minimum completion time in al]l networks.




1. INTRODUCTION AND OBJECTIVE

Introduction

coleétiOn times are difficult to estimate. While similar activities

may have been undertaken in;the;past, sufficient information copn-

cerning,their:ggmpletion times is inconclusive. At best, activity

durations can be estimated over s range of time distributions.

Furthermore, the project completion time is dependent upon the

avallability Of E€SOUreeS:HECESSarY‘tO complete the individual

activities. émefprgper“sequencingmof‘activities under limited

resources will Have a definite effect on minimizing the project

completion. AS.Qne”m&Y*Suﬁpectu the problem of resource allocation

is not limited to R & D projects, but may also include other projects
Such as large scdle construction.

- gctivities.

Qﬁ@*dfthe most common methods of representing project activities

fiSbe‘mEanS offaﬁPERT (Program'Ev&luatiQn'and Review Technique) chart

which depicts the project as a network of precedence-constrained

activities and events. If the resources available to the project

are constrained, the scheduling of the available resources to meet

thése-c@hstraints~couldwbecame<a-major problem in meeting the

» Production planning, and maintenance

e S A N
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~constraints and needs that management has lmposed on the objectives.

- Variations to some of the rules will also be tested in an effort to

As poirnted out, dectivity completion times sre stochastic in

>nature3,ité;, their times cannot. be determined with exact certainty.

Each a@tiﬁity.in,the;networkfhas;associated with it three time

estimates of completion, optimistiCQZPessimistic, and most likely.

The model of the distribution of an activity time is normally re-

the range.

Numerous sllocation plans and rules mainly heuristic in nature
have been proposed f@rfprojegts haVing limited resources and known
or determihisticwaCtivitY'CQmplétion‘times‘ Heuristic rules and
procedures are those whose methods are unproved or incapable of
pfoaf; Most often they are based on intuitive logic and experimental
observations. j"O"ff'1,'4?‘116'Vfa;r"i;cusi}p:r'fC)-'-cz_"ei.dl‘i‘rje-'s’% known, most do not offer
OPtimMMMSolutiOﬁS which is characteristic of heuristicg. The best

that~Qan'befhdped.fdr*is.a sub-optimal solution satisfying the

ObJectives

The obJjective of this thesis is to compare the effects of

of different configurations using a simulation program known as

several of ﬁhefmpre~popularrallbcation rules on several networks
GERTS (GraphicalgEvaluation.and Review Technique Simulator) III R.
|

arrive at some general procedure for allocating resources. The
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networks themselves are structured as a series of precedence con-

strained activities, i.e., certain activities must be completed

bafbre_Sugceedingjones are started. An example of this would be

the pouring of a foundation for a house before the frame is erected.

In additiOnﬂtO'thegprecedenéé.QQnstraintS,-further restrictions

; areqplaéedﬂon %héAavailability:Qf resources required by activities
which may be scheduled, ime,,'wheseipredeeessor'activities have

béen completed.

It 1s recognized that there are many different resource-time

relationships in existence§ some being complex. Among these re-

lationships are concave, convex and linear functions. Different

combinations of these relationshi PS may occur among the activities

in the same network. For this thesis, however, it will be assumed
-that-aAlinear-reiationship exists between the amount of resources

allocated to an activity and its most likely completion time. The

completion times are not known for certain, but follow a beta dis—

tribution about the most likely time.




II. DEVELOPMENTS IN RESOURCE ALLOCATION

This chapter discusses some of the heuristic allocation methods

currently being used.

J;iEg-Kelley, Jr@lthresents two algorithms, serial angd parallel

b

‘to handle the problems of limited resources where duration of the

The activity

.Wiﬁh the earliest Start time is scheduléed first. Farliest start

time for an activity is the latest time any of its predecessors are

completed. If the resources required to complete an activity are

”un&vailaHIE, the start timEjis:delayed,to the point where adequate

resources are available. It is assumed that activities can be split

.int@ paﬁts"Which-aré integral number of time wunits long so that

-available resources may be applied to these parts rather than
walting for sufficient resources %o complete the entire activity.
It activiEEQS:cannbt béwsplit5 schedule the activity from its

earliest start. If thisg iSZHQtprssible because of resource avail-

ability, schedule it to start at the earliest possible tilme resources

are available. The process is continued until all activities have

been éompletedﬁ In addition o early start time ordering, some

in;the.prgjeét‘ iOne‘way ©fHinng-this is to allow total slack to

be a measure of criticalness. The activities with the least amount




of slack may be given precedence. Other priorities such as the

number of men required and the duration of the job may be given

consideration.

iParallel.mgtths;SCEE&Ule several jobs at a time. At 2 given

timQ, there may exist a set Qr*aetivitiesthich_may*be undertaken

because their predecessors have been completed. Some of the

activities in this set. may be scheduled to start while the remaining

must be delayed due to resource constraints. It may occur that no

actifity in the sét meets the resource constraints and all the

activities must be delayed. In order to determine a set of

a@tiVitieS which may be Scheduled, a decision rule must be applied.

Kelley pTeSéntS:ﬁhe,f511®Wing rule: of the activities which can

‘bé*SQh@duledg order the activitiés-inuascending sequence of total

slack. Starting at the top of the order, an activity may be

selected if its resource requirements,when added to those previously

éelectea,do not violate the resource constraint.

'Kelley offers no preference to either the serial or parallel
method but feels that seriagl methods are more practical.

As & first step in the technique, a critical-path analysis is
performed, activity durations determined ang schedule information
compubedyvikyzapplying the algorithm to the project assuming un-
limiteamfesQureé availability, an estimate of resource requirements

The need for additional resources at a given

time may then be appropriately determined.




A computer program called SPAR-1 (Scheduling Program for

Allocation Qf‘Resaufces) incorporates the characteristics and
| | . 2
features of a general heuristic model proposed by J. W. Wiest h.

- The heuristic rules bear g striking similarity to those proposed

- P cemtele L joed iy oL
X o] .

by Kelley. Available resources are allocated period by period
to activities listed in order of their early start times. Along

with their early start times, activities are ordered by magnitude

of slack. Critical activities are détermined by their effect on
total project length, i,eg,:if‘ﬂél@?ing.thé»Etart time of an

activity will result in a longer critical path than now exists,

the activity is eritical. The most critical Jobs are scheduled

first along with &s many jobs which can be completed within the

constraints of available resources. 'An attractive feature of

this program is the reschedule routine. It may occur that a
critical activity could be scheduled if activities previously
Scheduled'WerepQSt@Oﬂﬁd;Withoﬁﬁfincreasing the critical path or

creating a longer pa%h»thantc5¢ren%ly'existsi If this is so, the

In effécti the scheduling and allocation "errors" are corrected as

: o iactivities.are‘encOunteredfwithua.m@re-critical need of resources
i

than activities scheduled earlier.
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‘be:scheﬁulediwithout:exaeeding;the resource constaints.

o S 1 . o .
Moder and Phillips describes an algorithm adapted from an un-

pﬁbiiShed.paper'by‘GEQTgé'H, Brooks, Professor of Industrial
?Engineering,;Pw;dué University; Although the algorithm assumes a
maximum resource availability which is constant in time, it points
out that this assumption may be modified to deal with the case of a
maximum resource availability which is changing in time. In pro-—
Ceeding'thTOughthe algorithm, the first step is to arrange the
activities such that the maximum‘remainingﬂﬁath length is decreasing

infmagnitudey Next, form a set defined as a "decision set" of all

unschieduled activities whose preceding activities have all occurred.

Choose from the current decision-set, the activity with the largest

maximum remaining path length. Compare the resouces required to

complete this activity with the resources available. If there are

‘insuffidieﬂtlresaurces‘t@:qupletE‘ﬁhis activity, select the activity

with the next largest maximum“remainingﬁpath length. If, however,

thereiare-sufficient.rGSQurces to complete the activity originally
selected, schedule this activity and subtract the resources required
ﬁxom‘thé resources avallable. Scan the decision set for the next
;actiyityﬂcandidate, that is, the activity with the next largest

maximun remaining path length. Determine if this activity can also
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are made available. As each activity-is completed, its suceeding
'&GtiVities are added to thé'décisioﬁ set. The process is continued
until all the activities in the Project have been scheduled.

P. M. Gharei~ deSCribés_an'activity network model based on the
aSSQmptionAthat the duration of an activity can be controlled by
modifying the reésources allocated to the activity. Adding resources
than aetivity will generally result in a decrease in expected
activity'aompletion.time: This statement is valid within certain
;xesdureeﬂlimitatiﬁns. .AS-aﬂ~$Xﬁmpleg two men working on an activity
may complete their"taSkiinztime"t, and doubling the number of men
assigned may redice the time of completion to t/2. However, adding
a fifth man to the crew may create confusion and interference to the

pQ%HtVWhere no additionsl time advantage is gained. Conversely,

The resource
time functionemay now be described in terms of the preceeding idea.
 F6r every activity in’thé@roject, there exists a smallest possible
réS@urGefallocatiQn such that for any resource allocation less than
theimin;mumfit is physically impossible to complete the activity.
There zglso exis%s:aumaximumfresburqe allocation resulting in a //
minimum completion time. In addition, there exists a region of
feasibility defined as an area bounding these twd extremes . The
resource'time-fhnctionumay assume a number of different curves

;ineludingsconcave, convex and linear, but all are considered as
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plecewise linear over a finite period of time. Ghare then states

omitting their proofs as trivial. A literal interpretation of the

theorems szre as follows:

f , the maximum time required for activity one, the optimum
allccatiOnuwauld'be to allocate the minimum amount to

;activityﬁgﬁeéand‘ﬁhe remainder (difference between that allo-

3) Slack exists following an activity k in a project with an
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earliest occurrénce time of activities j and i exceeds the

maximum time to complete activity k.

h)If‘tWO~aqtivities.are'scheduled,to start at different times

two. .Also,.the-earliest'qccurrence time of the succeeding
;actiVity corresponds to an allocation to activity two which
amount required for activity one. If the early occurrence
time for the succeeding activity then is greater than the
sum of the early occurrence time and maximum completion time
for activity one but less than the sum for activity two the
'optimum.allocation‘will_bE'to:allacate the minimum required
'ﬂQr'acﬁivity‘one and the remainder to activity two.
The thEOrémS are«applied1successiVéxy to all events in g project
Stdrting with the sink node anazworking backwards through the network
to thetséurce node. Havinquefined-the through variable as the re-
source allocstion for an activity and the across variable as the
w o completion time required for an activity, the techniques of system

theory are used to €Xpress the network relations in equation form.

With the objective of minimiZing;the'tOtal time between project
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start and end, the equations are used'tQ'thimize the allocation of

limited resources.

Linus;SghrageZQ poses~an.imglicit enumerative procedure for

The precedence con-
;straintestates-that’the start time of an activity i must be greater
than the sum of all start plus completion times of all the
activities preceding i.
s (1) =5 (k) + t (k) for all k e P (i)

Where

s (i) is the start time of activity i

s (k) + ¢ (k) is the start plus completion times of

activity k preceding i

and

-@niyf@ne;aativity at a time. In addition to the two constraints
mentioned, a third constraint states that ornece an activity has been
S@heduled, the réquirédﬁrésourcés for that activity are assigned

for the duratibnﬂof'the’activity'time interval. A schedule is

defined as the assigﬁmént_of'resources over time to activities

:satisfying the constraints and a partial schedule is definegd as one
which contains the start times of g subset of the activities in

the-pr@ject.whiéh.do-nat Violate the constraints. Essentially,

The procedure generates complete schedules from partial schedules
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in;a'trGE-generating?prccedurea .A;partial schedule or subset of
activities is determined from the succession of activiites from
an activity Under~censideration for scheduling, 1.e., one whose
predecesSQrs'have'been.completed, The succession of activities
and the candidate ferascheduling'must lie within the bounds of
the rescurce availability. The activity with the earliest start
time whose sum of activity“time plus the early start times in
the partial schedule are the greatest is scheduled first. This

brocedure is followed through the network to its completion.

For each partial schedule, the lower bounds on all complete schedules
generatedfrom;thefpartial schedule are calculated. Thus, a
'branch'and‘bound'téchnique~is used to enumerate all active schedules
implieitly.

Vérhines*3'claims a decision rule for allocating resources inp
activity netiorks which will result inm the shortest overall project
completioti time, Simply stated, it is proposed that if two
raétivitieszeqmpete erﬁthEisamg;rESOurce and the resource avail-
ability is such that only one of these activities may be started,

- the one with the lOngest remaining series of activities should be

given priority.
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LTII. EXPERIMENTAT, PROCEDURE

HII R is a FORTRAN IV program designed to simulate GERT type
networks which involve resource allocation decisions. Detailed
operations, and user instructions may be found in the Bibliography

be ranked.

Aftermakingthe4n66éssary modifications to the standard

in;the-EngineéTinggResea?ch Center's time sharing system. In order
to facilitate the testing of several different networks, the input

and output devices were specified as separate storage files. When




modified to allow for this. Also,
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data concerning other networks in the file. Also, in order to
ease the methodrbfﬂSpeﬂifying.network data, the read statements

in the program were changed to A and G formats. Format A allows

integer,.lqgieala Or compléex data. Using these formats, the

meticulous care regarding spacing required in F, and I formats

need not be observed. Although the formats were changed, the

each simulation run. The present version of the pProgram has been

in testing the various decision
rulés proposed@ certaingaetivity~attributes had to be added to

the program. The event file in the program contains the set of
acﬁivities:emanating~frqm & node and is divided into two parts:

a fixed point array called NSET and g floating point array called

QSET. Each activity entry in the event file has associated with

it a set of three floating point attributes (ATRIBs) and eight

fixed point attributes (JTRIBS)- The attributes associateg with

an activity stored in the file are the following:
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ATRIB (1) ﬁ*ﬁhe=expected»timemrequiredfto perform the activity

ATRIB (2) - the time the activity was marked

ATRIB (3);ﬁsspeeifiedfby the user in Function CALAT

JIRIB (1) - the end node for the activity

JTRIB (2)5— the parameter sét numbetr for the activity (the
parameter set number is specified in the input
dats)

JIRIB (3) - the distribution type for the time required to

perform the activity

 JTRIB (L) - the counter type
JIRIB (5) - the activity number |
|

JTRIB (6) = the numberp of resources of type one required to |

perform the activity ﬂ
:JTRIBf(7) ~fthe‘number'of“resources of type two required to
perform the activity
~JTRIB (8) - the nunber of resources of type three required to
perform the activity

It was intendedctg'm@dify'ﬁhe program to allow the addition

%Of‘three_otherufldating‘point attributes. In so doing, the attri-

bute currently specified as ATRIB (3) had to be changed to ATRIB )
(6). This was so because of the method used in readi ng in and
filing the data. As the files are set up within the program, |

'ﬁhGJHEXi-inﬁeger'foll@Wing the last real attribute is specified
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'fadﬁ‘that'siOchaStié type networks are being testeg.

event file:

- number of activities bursting from the activity

end node, i.eq, the;numberfof activities immediately

following the end node

ATRIB;(&) ~ the nunber of activities following the end node to

Project completion
ATRIB (5) - the slope of the resource-time relationship
The-prcgram'mb&ifidatians required to add these attributes to the
:file are the fdllowing:

(thenuﬂberwofyaﬁﬁribute rows ) in subroutine DATAN
was increased from 3 to 6.
(2) Each common s tatement containing the term ATRIB (3) was
changed to ATRIB (6).

- (3) Data cara type six was added in orde r to file ATRIBs (3)

through (5).

Since GERTS IIT R is a "next event simulator", and the program

:itsélf is~in & preliminary form, several difficulties in its use

heduling. Part of the problem stems from the

Path lengths

in_sto¢hastig;networks~vary:in each succeeding simulation run. As
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€8 concerning maximum remaining path length

were not considered.

As mentioned earlier in this Sectign,~three~additional

atrributes. According to Pritskerl"’ Fs » ranking on any attribute
may be accomplished by specifying the attribute Of interest in field
9 of data card type 2. When this was attempted, identical com-

pletion times were noted for attributes ATRIE (k) and ATRIB (5).

In aﬁtempting'ta tracefthisfprblem, a number of different pro-
cedures were followed. First, it had to be determined if the

real attributes were being read properly and filed. This was

EVéﬁifiedﬁbyfhaving'éachfattribute~printedr0nthe terminal as it

~was entered in Subroutine FILEM. To determine if the attributes

AT was used. It was
.indeedverified thah each attribute hag appeared in Function
CALAT when specified. Furthermore, proper ranking was' achieved
when the qucﬁions-in;CALAT'were completed. Based on fhese
findingsand.afteraseveral~lengthydiscuSSions with Pritsker,

1t was decided to pursue the experimentation by specifying most

a@f‘the-degision rules in CALAT.
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eleven decision rules were selected for testing.

of those proposed in Chapter 2.

S dntuitive

or heuristic reasoning.

'SpecificallygxtheifOJleing-rules‘WEre tested:

Rﬂe#l-

Rule #2 -

- 1ing path length first.

Allocate the available resources to the activities whose

completion times are the longest. This is g direct

application of a rule proposed by Kelly and is implemented
(l),:HVFZ(highest'value first). The ranking is accom-
plished by specifying a 1 for ATRIB (1) in field 9 and
a 2 for HVF in field 10 of data line type 2.
Alldcate‘the»availablemresourCes to the activities whose

completion times are the shortest. This is the comple-
ment of Rule #1 and is accomplished by specifying 1 and
1 in fields 9 and 10 respectively of data line type 2.

Allocate the available resources to the activities which

have the largest number of remaining activities to pro-

Ject completion. Rule #3 is a variation of that proposed

by Verhines and Molder which specifies the application
of resources to the activities with the longest remain-
The rule is exercised by speci-

fying a 3 for ATRIB (3) and 2 for HVF in fields 9 and 10

?espectively-ofliata line 2,
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Rule #4 - Allocate the available resources to the activities with

thé-largest-res@urqe'requirements. The rationale here

may be thought‘Qf_asisimilar-ﬁo,priority dispatching in
a Job shop. By assigning a 106 for JTRIB (6) and g o

for HVF in data line 2, Rule #4 will pe enacted.

ﬁRule #5 — Allocate the available resources to the activities with
the smallest resource'reQUirements first. Obviously this
ruie is the complement of Rule #4 and similar inputs are
reqyiredﬁwith.ﬁhe~eXhéption Oof specifying a 1 in field 10

of data line 2 for LVF (low value first).

'753_#5-*'Allocate the available T'ésources to the activities whose
slppes.@f'ﬁhe~re80urce—time function are the largest.
According tOFulkersonl3? a reduction in critical path
length andqhencejpreject:completion_may be accomplished
by a time-'c.ost trade-off procedure. Logically, the
activity to receive additional resources would be the

. ‘Oone 6n ‘the critical path with the smallest slope since
its time reduction will be the greatest for an incre-
mental inecresse in resources. The negative aspects of
not following this pProcedure are examined in this rule
and the positive aspects are h0pefuily brought out by
the applicationwofRulen#T, In order to test Rule #6,
Function CALAT must be used. Function CALAT may be

Called'by'inserting a_6:fbr ATRIB (6) in field 9 of data
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lime 2. TRanking is based on HVF by inserting a 2 in
field 10 of data ling 2. The steps to be followed in

CALAT are as follows:

JOT = {J
DO 20 J = 1, NRESC

20 JOT = JOT + JTRIB (J + 5)
CALAT = JOT/ATRIB (1)

END

where

NRESC = number of different resource types

T — Allocate the availsable resources to the activities whose

sloPes'af'ﬁheire&@urce—time'fuﬁction are the smallest.

Rulez#Tyaf“cQurse, is the éamplement of Rule #6 and the
only change to be made is to replace 2 with 1 in fielgd

10 of data line 2 for LVF.

Allocate the available resources to the activities

Whose~pr0dudt:éf resource requirements and completion

times are the smallest. Rules 8 ang 9 are a direct
gpplication of a rule used by Pritsker in his description

of the use of GERTS IIT R. Again, CALAT must be used and

the steps within the subroutine are:
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JOT =
DO 20 J = 1, NRESC
20 JOT = JOT + JTRIB (J + 5)

CALAT‘=-JOTE*OATRIB:(1)

RETURN

END
Fields 9 and 10 of data line 2 must contain 6 ang 1
respectively.
Alloeste the &V&ilable_feSQurces to the activities whose
product of resource requirements and completion times
are the largest. This rule, of course, is the complement

of Rule #8 and the only change required is to replace

1 with 2 in field 10 of data line 2.

vAllOcate the;availabl& resources to the activities whose
sum of early start times plus completion times are the
largest. This rule is & direct application of that pro-

Posed by Schrage and described in Chapter 2. Once again,

used to calculate the attribute value.

CALAT = T NOW + ATRIB (1)

END

where

I;NQW=_ current tfmg.in the simulation
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Rule #10 may be thought of a8 processing the activity
with the smallest Slqpe first. The requirements for data
line 2 are 8 6 and 2 in fields 9 and 10 respectively.
All@eateﬁthe avallable resources to the activities whose
slope-slack product are the smallest. Extending
FV{kersan?s time~cost trade-off pfocedure one step
further, theiurgeney;gi bProcessing the activity with
the-smallest.glope'has been coupled with the attractive-—
ness of Smallest;sldpe! Function CALAT appears as
follows:

JOT = ¢

DO 20 J = 1, NRESC

20 JOT = JOT + JTRIB (0 + 5)
CALAT = (T NOW + ATRIB (1) *
(FLOAT (JOT)/ATRIB (1))

RETURN

END

fData'line;2'Will~aontainpa~6 and 1 in fields 9 and 10

respectively to test this rule.

-_— L
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Network Selection and Description

Four networks were chosen at random to provide the situations
for exercising the decision rules selected. Details of each network
may be found in Tables 1 through L. In stating that the selection
was random, it is meant that no Particular attention was paid to
characteristics such as the number Of-nodes, activities, or paths
in the network. Selectivity, however, was based on the diverse

project representation of each network.

An examination of Table 1 will reveal the pertinent characteristiecs
r§Quired-as input data to perform the experiments desired. Columns 1
through 3 require little or no explanation since they represent
the activity.nuﬁbET (which is arbitrarily assigned), and the starting
xaﬁa.end.naées for each activity. Columns 4 through 6 represent the
mQSt'likely~(m), optimistic (a), and pessimistic (b) completion times,
fespectively,<£or each activity. The number of burst activities listed
in column T represents the number of activities immediately following
theiend:hcde, i.e., the number of activities emanating from the end

node. Column 8 lists the total number of activities following the

funétiongcf;the;agtiVityhin;question. As mentioned in Chapter 1,
; the resource=time funictions of gll the activities are assumed to be

linear, ~Finally, column 10 represents the total amount of resources

required to complete the activity for the most likely time specified.




Ny Network 1
(5. E. Flmaghraby, ref. 6 )

Start  End © . No. Burst No. Sueceeding

Activity _ |

36 .T50 20
35 667 10
30 625 30
14 0 15
35 .T750 50
ol .800 60
12 . T35 20
5 20
.0 80
0

20 15 ko
10 5 15
10 ¢} 50
75 30

| 25 100
_35 ls 5@

Ge

15 5 ho

1 i
1 3
1 L
1 2
2 3
3 3
3 3
L 52 >0 70 3
4 ; 25 10 L5 1 25
5 T 60 50 85 4 2k 678 65
5 10 30 10 4o 3 9 0 20
6 T 20, 15 25 L
6 2
6 1
6 0
T 2
T 3
T 1
T 4
8 3
8 1
9 3
9 2
9 1
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20

0
0
3 30 10: L0 5 30
16 15 5 b A 20
20 15 0 50 5
8 10 5 15 >
11 50 20 105 1
12 L5 15 80
15 L5 20 95
9 30 10 L5
18 35 5 65
10 10 5 35
13 55 L5 75

19 20 p) 50

TABLE 1
NETWORK 1 CHARACTERISTICS
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Network 1 (Cont'd)

Activity Start End No. Burst No. Succeeding
- No. Node Node | b Activities -~ Activities Slope Resources

1=
|

1 0.5 60
5 1.28 20
0 0.532 5
1.0 20
35
. p
6L 125
50
- 150
715 20
645 L0
1.33 20
1.0 60
0.86 Lo
1 1.28 55
0 0.7h 30
1 1.0 25
0 5 25

27 10 12 50 Lo 75 1
28 10 13 25 5 35 2
29 10 20 15 5 20 0
30 11 13 30 10 Lo 2
31 11 16 20 5 Lo 1
32 11 19 15 5 50 1
33 12 20 20 10 25 0
34 13 17 55 25 110 1
35 13 18 50 20 85 1
36 1h 15 55 25 105 3
1
1
1
1
0
1
0
1
0

-G

 fo b

37 1k 19 35 15 50
38 15 17 ko 10 75
39 15 18 25 10 30
Lo 15 19 55 Lo 60
41 15 20 15 0 55
L2 16 19 55 35 85
43 17 20 30 10 kLo
LY 18 19 25 5 L5
L5 19 20 25 5 50

>
2
1
0
1
2
v
1
1
2
1
0




Network 2
Pipeline Renewal Project

No. Burst No.. Succeeding

Activity  Start  End |
Activities — _ Activities Slope  Resources
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TABLE 2
NETWORK 2 CHARACTERISTICS
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Network 3
Computer Installation Project

No. Burst ‘ No. Succeeding

Activity Start End
ACtiVit??S_ __Activities Slope Resources

___No. Node Node m a

o’

29 667 11
20 5 20
17 .6 10
11 7.5 55
11 h 20
10 2.5 25

" | )Jr 32 25
10

6 11
1L 15
1
3

15
20

O © @b +~3 OVl N0 O
l_l
O

10
11
12
14
15
16
17
18 1 1
19 11 Ly 2
20 | 13 L 2
21 11 12 2 1
22 11 13 L 2
23 12 1L 0.2 0.2 0.2
2L 13 1k 2 1

1

12

T

4 3.

> 1.
16 2

p)

0

3 10
15

6
3 3
3 3
O .75 12
A
.5

19
20

10
9 25

11 20 }

13

5 5
0 10
2.5 30
1 16
66T 10
5
0
5
3

= | :
COBAONEFUEFEFWwWWwWWm N N
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1
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6
6
6
6
>
p
1
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-

TABLE 3
NETWORK 3 CHARACTERISTICS




Activity  Start  End No. Burst No. Succeeding

0.5
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27 15 17
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10
11
13
15
16
17
18
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22
23
2l
25

Start
Node
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10
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1k
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End
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Ground Tracking Complex

- Network 4

10

0
11
15

NETWORK 4 CHARACTERISTICS

Activities

No.: Succeeding

>
1
5
0
1
2
2
5
2
1
1
1
1
1
2
2
1
1
1
2
2
1
7
1

2
TABLE 4
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End | No. Burst No. Succeeding

Activity  Start Nt
Activities ~ _ Activities . Slope  Resources
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1L
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12
13 166 3
12 66T 11
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27 18 26
2§ 18 28
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3k 21 31
35 22 23
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Activity .
b Activities Activities Slope _Resources

No. Node 'Néaé~
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The resources may represent any type desired, l.e., money,

manpower, equipment, ete. However, for the networks presented, the

resources represent Labor per unit time.

Igppt Datsa

A sample of the input data required may be found in Appendix 1.
“The field description and their formats for each line are described
in Appendix 2.

Ouggpt Data

| Each;nétwork’was;simulated,lgaﬁtimes.f@rﬂeach of the 11 different

decision rules. As mentioned earlier, the completion time for each

simulation was recorded.

The amount of resources allotted to egch
network depended‘upgn the highest resource required by any one

activity. The'oﬁly exception to the resource allocation occurred

when any one of the rules could not be exercised due to the resource

1imitatién. In these cases, the allocation for that particular

nétWka_WaS:iﬁgreased;by approximately 10% and held at this level

for each of the 11 rules. ThejpurPOSémin,keeping‘the resource

. allocation to a.minimmm.was-tcféliminate the possibility of intro-
fﬁueing @ variable which could be attributed to resource level

variation.

A sample output of a network simulation is shown in Appendix 3.

The information4appeaxing_under~the headings "Network Descriptions,"

"Activity Parameters" and "Activity Description" is simply an echo

check: of the input data. The data of prime interest appears under

"Final Results for 100 Simulations".

In this section, the mean




s,

value of gll the simulations as well as the standard deviation,
minimum observed value an&_maximum,ebservedv&lue are presented.
ITmmediately following this inférmation is g section called
"Histograms”. By specifying a lower limit and the cell width, the
distribuﬁien»of'dbservations over 32 cells may readily be examined.
Resource Utilization"

? | The final section of the output data is calleq "

and is defined as the resource-hours used divided by the project

|
completion time. (
|
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IV. ANALYSIS OF RESULTS

General Dis cussion

The main objective of the experimen£ was to determine if any one
decision rule will serve as an effective one for producing consis-
tently low completion times in any network. 1In effect, then, it was
desired to investigate the effect of k different kinds of rules ang
n different kinds of networks on the completion times of g certain
project. The des&ripﬁiénan’the*0bjective, therefore, implies a
Two-Way Analysis of Variance. In addition, it was desired to in-
vestigate thelp@ssibility of joint effects or interactions of the

two variables. Interactiorns are examined to determine if g

particular rule will yield a low completion time if and only if it

is wused in conjunction with a particular network. In order to test
hypotheses concerning the effects of rules, networks and inter—
actions, it'wanhecessary tQ'replicate,jiae., to take more than one
observation of esach combination of rules and networks.

A summary fdr;themmean@values'®f°project.completion times is
shown in Table 5. The wank column indicates the relative position
df'the=chrespOndiﬂg‘rule to minimum completion time. As an
example, Rule 1 of Network 1 has a rank of 4 which indicates that

its mean value of completion time is the fourth lowest of the
- eleVEH'Valuesiﬁbserved, Columns 1 through 5 under Observations are

the-mean=values of 20 Simulations and provide the necessary

replicates for the analysis. Notice that the mean completion times
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| TABLE 5
PROJECT COMPLETION TIMES

Observations

Network Rule Rank 1 2 3

1 628.61 6LL.37 642.69 631.
668.19 671.16 670.00 660.
621.01 625.96 622.16 630.
666.51 664.93 665.00 657.
650.36 6L5.72 652.20 6LO.
11 661.56 688.11 671.98 680.

2 636.14 622.95 625.35 633.
10 666.50 683.34 673.48 670.
6  653.75 651.29 647,14  6LE.
3 638.97 636.14 635.10 627.
641.21 632.82 64L0O.2L Lo,

O o = v W N

Ul W

5 78.35 78.69 716.87 76.c
10 81.hb2  81.23 80.76 8o0.
T-5 T79.05 80.67 81.15 T8.
6 80.36 80.00 81.15 79.
3 78.35  78.7h  78.87 76.
10 8l.h2  81.23 82.11 8o,
3 78.35 718.69 78.87 76.
10 8l.k2  81.23 82.11 80,
7.5 80.k0 80.68 81.15 78.
8:35 T78.70 78.86 T6.
78.35 78.69 78.87 76.

o
~J
o

i
M O
W W
3 =
® o




Observations

Network Rule Rank 1 2 3 4 5 Mean

1 76.06  76.08 76.94  77.18 77.81  176.81

T 8h.35  83.67 82.31 85.34 82 .ol 83.58

9 89.48  87.4L  88.00 87.78 88.24  88.19

© 10 89.08 89.10 88.33 89.80 88.64  88.99
6 83.85 81.90 82.99 80.84 81.0o 82.12
11 99.87 9L.25 99.97 104.44 99 .Lo 99.59
3 77.58  79.17 78.99 178.78 81.1L 79.23
82.26 81.33 82.19 80.17 81.92  81.57

85 86.k9  86.04 83.67 85.11 85.38

76.26  77.89 78.26 76.50  78.26  77.43
80.92  8L.4T  79.92  76.94 81207  80.06

3

O o N oy i oW o

O
= N 0o VYW
o
\1
O o
o
O\
=
\O
o
ON

=

8.5 122.h7 122.h2 121.90 124.03 121.78 122.52
11L.61 113.68 115.04 113.30 112.08 113.7L
114.87 113.07 114.26 11k.01 114.52 11k.15
111.61 110.66 112.32 113.88 110.0L 111.70
125.38 126.48 123.26 126.87 12L4.70 112. 34
110.60 110.97 111.98 112.21 111.95 111.5L4
10 12k.36 126.09 123.54 126.55 124 .74 125.16

T 119.95 116.88 116.57 117.77 119.22 118.18
110.33 110.73 109.59 110.95 111.30 110.61
122.k7 122,42 121.90 124.03 121.78 122.52
12h.35 127.25 124.05 126.63 124.77 125.21

@~ O\ W E oW N

=
@
s

=
=
i
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Observations

Network Rule Rank

i

2 3 L 5 Mean

1 10k.77 107.40 107.12 105.18 105.56 105.00

111.37 111.86 111.67 110.67 110.40 111.07
103.50  10k.33 103.69 105.01 105.33 10L . 0L
111.09 110.82 110.83 109.54 109.23 110. 30
108.39 107.62 108.70 106.73 112.23 108.73
1L 110.26 11k.69 112.00 113.35 113.L1 112.7h
2 106.02 103.83 104.23 105.55 102.92 10k4.51
10 111.08 113.89 112.25 111.69 110.71 111.93

> 108.96 108.55 107.86 107.71 105.57 107.73
106.50 106.02 105.85 104.63 106.72 105.95
106.87 105.47 106.71 107.11 105.16 106.26

( Trans -
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for Network 1 are considerably higher than the remaining three

networks. In order not to bias the analysis and to create a dats

Population closer to normal; a linear transformation was performed

on the data of Network 1.

InAapplying,an analysis of variance, it is assumed that the k

groups of independent observations Kiqsmens X o Xpqseees X oy 2

> py5 @nd with the same variance <72. According to

Brownlee the assumption of normality is not very restrictive

since a variable may be-transformeﬂ,,if"the-general form of its
distribution is known, into a variable which is approximately

normally distributed. Also, it can be arranged to deal with means,

- and the central limit theorem roughly assures, that if a population

has a finite variance then the distribution of the sample mean

.appréaChes normality as n increases. Even faced with some doubt ,

the deviations from normality cause fewer gross errors than the
la@kanVcanstancy of variance or the lack of independence. Since
the nature of the experiment itself assures independence, the only
Temaining eiemﬁﬂt of doubt is the constancy of variance.

Levene's Test

studies that the test possesses "al

most unbelievable robustness"
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against departures;fr@nﬂnormality Of'thegunderlying distribution of

observations. TA_rQbUSt,prOCGQUIE"iS one which is affectegd only

Appendix L. The results Of'the-testgindicated that there was no

sighificant.differenGErambngithe*vafiances.

fTw04WaXAna;XSisQf Varianp¢;
Haviﬁgiéstablished'homoscedasticity (constant variance) as a
result of Levene's test, the analysis of variance was conducted.
Again, the objective was to determine any wvariations in the data
which may be attributed to thé_differenCes-among the rules, differences
amang;the~nétWQEKs,aﬁd-interacfians, The detailed computations for
the analysis maY‘bé’foundiinnAppendix-S. As a result of the analysis,
it was found that there was a significant difference in the rules
used, a significant difference among networks,and interactions, i.e.,
certain rules produced low completion times only if used with s

particular network.

Duncan's Multiple Range Test

The results of the analysis of variance indicated that there are

Signifie&ntrdiffereﬁces among the decision rules, but did not show

which mean complétion time (or group of means) resulting from the

use of 8 particul

uLar rule, differed signifi cantly from another mearn
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completion time (or group of means). Specifically, having deter-

lon rules differedqsignifieantly, it is desired to establish

- which rules differ from the others. Again, the objective was to

Fule or rules produces the lowest project completion
{' | ; ‘time, One method proposed +o handle“mﬁltiple comparisons is the
| Duncan Multiple-Range lTest which will be used here. The test
compares the range of any set of P means with an appropriate least
significant range Rp-’- given by
 85-

'
l

[ MSE

|

Wwhere

rp = A;value depending upon thé desired level of significance
« and the number of degrees of freedom corresponding to
?MSE} The table from which rp is obtained is callegd
"Critical Values for Duncanfé New Multiple Range Test".
MSE = The error mean square in the analysis of variance for the

individual network considered.

B
fl

Number of different rules

| ~and  S- = An estimate of 0- = ¢g / ”n
¢ X | X

[ 4
4
4
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The details of computation for Duncan's Test may be found in

Appendix 6. For Network 1, the results showed that rules 3 and 7

difference between the use of either rule. Further results showed

rules 3 and 7, and the remaining 9 rules. Therefore, rules 3 and 7
Produce the lowest completion times and. are the best ones to use

Network E*S:results:indieate~ﬁhat there is no significant

55 T, 10 or 11 and a significant difference

ules and the remaining rules. In order to
ébtainfanminimum.cbmpietionfﬁime for Network 2, then, any one of
rules 1, 5, T, 10 or 11 may be used.

The results of the Duncan Test on Network 3 indicate that there
is no significant difference between the use of rules 1 and 10 to
Obtain minimum completion time. There is, however, a significant
- difference in using rules 1 or 10 and the remaining rules.

Finally, the results for Network L indicate that rule 9 is

Rank Correlation

From the results of the Duncan Test, it appears that there is

‘ %;ﬁefwhiethillproduce»a}minimum completion time in every
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Appendix T contains the calcul

in another network, Furth ermore,
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ﬁnetWQfK'QQnSidéTéd« Howev3f5'by‘calculating the coefficient of

10

'GQHCOTdance* 5 1t can be determined 1f some general agreement as

nkings among thé networks exists. If a reasonable

agreement as to rankings does exist, it can be concluded that one or

moré‘rules;pérfcrm.CQﬁSistently better (or worse) than the rest.

uations_necessary to perform this

test. results indicate that there is g significant difference

ikings of the rules for each network. The fact that
there is a.signifiéant'difference:in'the rankings indicates that
the rules reaest differently in each network used. A rule which

produces. the lqwestucompletion timener.any other rank of completion

time in one network will not necessarily produce the same ranking

the relative rankings among the

rules differs in each network used.
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V. CONCLUSTONS

The main objective of this thesis has been to determine if any

of the eleven decision rules selected serves as an effective one

for producing consistently low completion times in any network.
From the results of the experiment, the following conclusions
may be drawn:

The results of the Two-Way Analysis of Variance showed that ;
(a) there is a definite effect on completion time resulting
from the use of different decision rules, (b) a di fference
does exist among the networks used, and (c) there is a

dependency of completion times upon the conjunctive use of

- networks and rules, l.e.5 interactions do exist ang a

"par%ibgfarMEUle;mighf yield a minimum completion time if
and only if it is used in conjunction with a particular
network.

2. The results of Duncan's Multiple range test and the rule(s)
pro&ueing;10west~eompletion’time are summarized below.

Rule(s) Producing Lowest
Network Completion Time

1 357
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Generally'speakingsiit'is evident that the application of
no Qnegparticularjrule~will guarantee g minimum,completion

time in all networks. FUrthermore, it was found that there

e rules which consistently performed the same as others.
For instance, it was found that no significant difference
resulted from the use of rules 1 and 10 in each of the four
networks. Also, there was no significant difference
betWeen.thegperfqrmancemcf-rules 7T and 11 in networks 2, 3
and L.

The Duncan Test showed that there was no one rule which
produces a~minimum=cémpletion égme. It did not, however,
indicate the general agréement as to rule rankings among
the networks. In other words, regardless of each rule's
performance , did.itmpérfarm consistently in each network?
If a reasonable agreement as to rule rankings among the
networks d@es.exisﬁ, itrcan.be concluded that one or more

-rul§s~pérformeonsisteﬁtly”better (or worse) than the

rest. 'By"eaICUIating the Coefficient of Concordance, it

=4




for

e
VI. RECOMMENDATIONS FOR FURTHER STUDY

:SaveralaaSpects of the allacafion_of limited resources are open
further~investigatiQn@ Some of these areas are discussed below.
The fact that no one general rule was found to produce minimum
coﬁpletiontime does not@ﬁéCéSsarily indicate that none exists.
It_ShQuld.%eAinntedﬁeut that €vVery possible rule in existence

has not been tried. Also » combinations of existing rules may

be used to form other heuristic rules which may achieve the

objective.

The number of networks used 1n the experiment is g relatively

small sample of & virtually infinite population. By expanding

the number of networks ang reapplying the principles of this

thesis, it may be possible that one of the rules used does indeed
prove to be a valid general rule.

From the results of the present experiment, it is strongly

number of nodes to the number of activities in a network. As
this ratlo approaches a value of one, it is fairly obvious that
theAapplication of almost any rule will produce the same results
as .any other. However, ds the ratioassumés values much less
than one, thE'selectionp@fwa:pafticular decision rule becomes

more critical. Further experimentation with network characteristics

would then seem to be highly justified.




The criteria used in this experiment regarding resource avail-

~ability, was based upon the largest need of any one activity

in the network. It may be interesting to study the effects of
increasing thé resources. Obviously, as resource avallability

bemeES’"V5imiteda the Preceden¢e:ggnsﬁraints of the network
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APPENDIX 1
SAMPLE INPUT DATA

GS CHUPTK - 1,3,2,1971,100,45,100,1267,0.0 (Line Type 1)

2,0,1 (Line Type 3)

SRS

OCOOOHOO

HMNOOOOOHOOOOs v v u.
- | o O W W H

R B )

N oW 1o O

V) 9 V] ( N Y N T LY S ¥

DO NN H 2 2 \O o= OVUT W

(Line Type L4)




JCE R

35.

,5-,65,

1€. 5. .35.

55.
20
50.
25.
15.
30.,
- 20.
. 15.
20.,
55.
50.
;55;
35.
Lo,
25.
55.,
_154@V‘
5
30.,
25.
25.

1.

,45.,75.
.,5.,50.
,40.,75.
5D« 535,
,5.,20.
10.,4%0.
s ho
1,5 ,5O .
10.,25.
,25..,110.
s20.,85,
,25.»105
»15.,50.
,10.,75.
,10.,30.
L40. ,60.
,55.
.535.,85.
10..,%40.
»D hS
.5.,50.
,21,2,1,9,0,0,20

l.,36 »e (DO

'ubkﬁ#*HfHl#@thQ&FJUJPIR)rJL’b%»l“

.»,21,3,2,9,0,0,10
-,35.,-667

21,6,3,9,0,0,30

.,30 , .625

8,4,2,0. O »15

. 1u o

52,3, 5_9,0,0550
?335 9 o 750

. 53,46 9 0,0,60
.2k,

+53,9, T 9 ,0,0,20

2. ,.735

1:3 i6 8,9~O'O~h'
S~ I

s h y7+9,9,0,0,20

26. 55

,,h,ll 10,9.0 o , 80
. 510, h

(Line Type L)

(Line Type
(Line Type
(Line Type
(Line Type

ON U1 O\
— N e N




50

9ih916511a950&0525
.« 524 ,1.
°3537312595050365
.,24h.,.678
+52,10,13,9,0,0,20
. 99 e 31 .
.+6,7,14,9,0,0,20

* 2)“’ . -32 .
.»6,8,15,9,0,0,30
.14, ,.5
.,6,16,16,9,0,0,20
e s2.,.4
':632091799}OSQQQG
.,0.,.5
09798318395030310
N T .
-,7,11,19,9,@,05%@ )
.59.,.615
'97912:2059905035‘
esl.,1.04
.,7,15,21,9,0,0,50
5T 1.2

. ,3‘8 99 > 22 99 909 O:: 30
L,12.,.5 _
°38318:23595®?O?6@
e 24,1, |
.»9,10,24,9,0,0,30
'19-316 |
°19913525f93050&55
35.5.5
.59,19,26,9,0,0,25
.,1.,.5
.,10,12,27,9,0,0,60
cy1.,.5
.»10,13,28,9,0,0,20
.,5.,1.28
+»10,20,29,9,0,0,5
-9O°5‘532 |

S I |
+»11,16,31,9,0,0,30
es2.,1.

1.,1. . 5

HENHOFMNMHEHEEEFODHFWHERFFPFWORSEEEFPWENORFORFHFNE R WR &R

R




300 ,.5 (Line Type 6)
,1.,1.6k -
.,13,18,3559;050;5Q
c 92441,

es(es2.5
.5»14,19,37,9,0,0,20
-5l ,. 715
-»15,17,38,9,0,0,k40
.,1l.,.6L45
.»15,18,39,9,0,0,20
.« 32.4,1.33

O I
.»15,20,41,9,0,0,k40
.,0.,.86 -
.516,19,42,9,0,0,55
.51.,1.28 | .
+»17,20,43,9,0,0,30

P

‘5l93209M5ﬁ9;Q:0325

+50.,.T5

OO0OOH+HHFHFOHFHFFOFKMFRPHFHFMEHEFHFHEHERWERE HH H O

&




APPENDIX 2

DESCRIPTION OF DATA INPUT FOR GERTS IIT R

Line Type 1

Field 1

The analyst's name (6A2)

Field 2 The project number (G)

FielanS The month number (G)

Field b The day number (G)

Field 5 The year (G)

Field 6 Tbeinumber~of=timesf%he;networkyis to be simulated (G)

Field 7 The ﬁumbér”cf'aﬁtivitiGSfWith.different time
characteristics (G)

Field 8 The number of branches in the network plus an
estimate of the maximum number of activities which
can occur simultaneously (G)

Field 9 An integer random number seed (1267 was used) (G)
il

Field 10 A Tloating point random number seed (0.0 was used)

(G)
Line Type 2

A1l fielads are integer type numbers

The largest node of the ﬁetwcrka(G), The smallest
hode number permitted is 2 (G)

Fielq 2 Number of source nodes (G)

Field 3 Number of sink nodes (G)

Field 4 Nunber of sink nodes that must be realized before

the network is realized (G)

e T

Field 5

Number of nodes which statistics are to be collected
on, including all sink nodes (G)
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APPENDIX 2 (Cont'q)

Field 6 ~ Numbér of types of counts (G)

Field 7 A 1 if network modifications exist; a 0O otherwise (G)
Field 8 Number of different resource types (G) .
f Field 9 The attribute on which ranking is to be done for
: | =files.NOQ-and (NOQ—l). Add 100 to attribute number
if a JTRIB value is to be ranked on (G)
Field 10 The priority system to be used forfiles NOQ and
(NQQ—I). A 1 indicates low-value first. A 2
indicates high-values first (G)
Field 11 Number of available resources of Type 1 (G)
Field 12 Number of available resources of Type 2 (G)
Field 13 Number of available resources of Type 3 (G)

"Eine Type 3

‘Orie line required for each node

. Fiela 1 The node nunmber (descriptor) associateg with the node
characteristics given on this card (@)

Field 2 Special characteristic of the node.. Codes for special
characteristics are:
l. Source node
2. Sink node
3. Node on which statistics are collected
L, A mark node
If Field 2 is left blank, no special characteristic
ls associated with the node (G)

Fieid,SJ Theqnumber Qf releaseS required to realize the node
for the first time (G)

Field k Thé'number'of releasé$,required to realize the node
after the first realization (G)

Field%B jQutput»characteristic of the node. Cogdes for input

. gre: P for PROBABILISTIC; and D for DETERMINISTIC
(A1)
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APPENDIX 2 (Cont'q)

Field 6 . If events that have been scheduled to end on this node
are to be removeqd (cancelled) when this node is
realized, an "R" should be put in this field. If
removal is not desired, leave blank (A1)

Fields T, 8 and 9 are used only if

The node is a sink mode Or a statistics node (code
2 or 3fin.£ield 2)

Field 7 The lower limit of the second cell for the histogram
tO be obtained for this node. The first cell of the
_histogram;will contain the number of times the node
was realized in a time less than the value given in
this field (G - floating point)

- | Field 8 The width of each cell of the histogram. Each histo-
E gram contains 32 cells. The last cell will contain
the number of times the node was realized in g time
- greater than or equal to the lower limit (specified

in Field 7) + 30 ¥ (cell width (Specified by Field 8))

Field 9 Statistical-quantities to be collecteqd (A1)

: F. The time of first realizations of the node.
The time of gl1 realizations of the node.
The time between realizations of the node.
The time interval required to go between two
nodes.
The time.delaz§from first activity completion
:Qn;the:ncde-until.the node is realized.

H W e

The last line of this type must have a zero in Field 1.

Line Type k

€ach activity. One line is required for each activity with a different
time charactérization. The numbeir of lines is specified by Line Type
1, Field 7. A maximum of 300 is permitted. The lines must be

3 arranged by ascending parameter number ang the parameters must be

| inumberedvconsecutively-or blank lines appropriately placed.
distribution types-arewavailable which are:
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APPENDIX 2 (Cont'q)

Constant

Normal

Uniform

TErlang

Lognormal

Poisson

Beta

Gamma,

| Beta fitted to three
: parameters as in PERT
A

The fields required are depéndent on the distribution type of the

activity. For distribution type 9 (Beta fitted to 3 values as in
PERT), the fields are as follows:

The most likely value, m (G - floating point)
Field 2 Thé~@ptimisticValue,:af(ﬁ - floating point)

The pessimistic value, b (G—:floating point)

Flel d L Not used

fParameters for the remalnlng types of distribution may be found in
-the reference to the user's manusl.

Line 1ype 5

One line required far“éaehzactivity assoclated with the network
Field 1 Probability of realization (G - floating point)
Field 2 Start node (G)

" Field 3 End node (@)

Field k4 Parameter number (@)
Field 5 The distribution type (G)

Field 6  Count type (G)

Field 7 Activity number (G)
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APPENDIX £ (Cont'd)

Line Type 6

One line required for eadhfactivity-associated with the network.

All fields are floating point numbers.

metdd Number of burst activities (G)
|
Fiéld 2 Numberwaf‘activities remainingzto project
completion (G)

Field 3 - 8lope of resource-time function (G)
Note - line types 5 and 6 must be interleaved, i.e., line type 6 for

activity 1 must Immediately follow line 5 for activity 1 and line 5
for activity 2 mustginﬁediately‘follow line 6 for activity 1.

on0 Lines each containing a zero in Field 1 must follow the last line




NODE

11
12
13
1L

15

16
17
18
20
21

5T
APPENDIX 3
OUTPUT DATA

‘T SIMULATION PROJECT 1 BY GS CHUPIK
DATE 3/2/1971

¥¥NETWORK DESCRIPTION**
NODE CHARACTERISTICS

HIGHEST NODE NUMBER IS 21

NUMBER OF SOURCE NODES TS 3

NUMBER OF SINK NODES IS 1

NUMBER OF NODES TO REALIZE THE NETWORK IS
STATISTICS COLLECTED ON 1 NODES
NUMBER OF PARAMETER SETS T& L5

INITTIAL RANDOM NUMBER IS 1267 0.0000

NUMBER NUMBER OF RELEASES OUTPUT
RELEASES FOR REPEAT TYPE

9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999
9999

C)oxﬁﬁux&w#fmsQ%p[WP®ﬁ3ﬂ3UAUJFPCLF1mWA
POouUoobuouyglbuopobuubuygyo

SOURCE NODE NUMBERS
5 14 21

SINK NODE NUMBERS
20

STATISTICS BASED
ON REALIZATIONS




PARAMETER
NUMBER

) X0 0= ON VT W N

¥XACTIVITY PARAMETERS %%

1

.0000

0000
0.0000
5. 0000
.0000 -

.0000

.0000

1 ..0000
.00Q0
0.0000
5.0000
5. 0000
0.0000
>.0000
).0000

0000
.0000
. 0000
.0000
).0000
> .0000

.0000
.0000

5.0000

.0000
.0000

.0000

.0000
5.0000
0.0000
>.0000
.0000
>.0000
> . 0000
.0000
.0000
5.0000

-0000

.0000
25.0000

5 ; .

PARAMETERS

2

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
..0000
).0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.00Q0
.0000
.0000
.0000
.0000
.0000

Lo
15
50
100
90
100
50
70
4O

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

.0000
.0000

.0000
.0000
.0000
.0000
.0000
. 0000
.0000
.0000
.0000
.0000

.0000

ONONON®
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

. 0000
.0000
.0000
1500
. 0000
L0000
.00Q0
0000
.0000
.0000
0000
0000
.0000
. 0000
.0000
.0000
.0000
. 0000
.0000
. 0000
. 0000
. 0000
. 0000
.0000
. 0000
.0000
. 0000
.0000
. 0000
.0000
. 0000
.0000

.0000
.0000

.0000
.0000
.0000
. 0000
.0000
.0000
.0000
.0000
.0000
.0000

.0000




9
9
7
9
5
:
9
9
9
9
9
9
9
5
;
9
= , 9 ,
13 2 9 25
, . 2
9
9
.
9
:
9
9
9
9
9
9
9
9
9
5
5
9

59
*RACTIVITY DESCRIPTION**

ARAMETER ~ DISTRIBUTION  ACTIVITY

NODE  NUMEER TYPE NUMBER

PROB.

HEPFEFHERPEERERPRPRPRRPRPRPRPRERERRPRERRERRRR R R R R R R R R e e

.000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

FIRST
RESOURCE

50
60
20
4O
20
80
25

20
20
30
20
20
10
Lo
50
50
30
60
30
55
25
60
20

20
30
35

125
50
150
20
L0
20
60
L0

22
30
25
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**¥ACTIVITY DESCRIPTION®#*

START  END  PARAMETER  DISTRIBUTION  ACTIVITY FIRST
NODE  NODE  NUMBER TYPE NUMBER  PROB. RESOURCE
21 :

21

21

.000 25
.000 20
.000 10
.000 30
.000 15

0 OvWw v ©
Lo O B\
MO OO O
H

RESOURCE AVAILABILITY 150

L WITH HVF

S s .#“.’9":‘:«‘?‘@53?:«--—_»——.. - ) . - _
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1 GERT SIMULATION PROJECT 1 BY GS CHUPIK

DATE 3/2/1971

*¥FINAL RESULTS FOR 100 SIMULATIONS¥*

NODE
NODE  COUNT MEAN STD. DEV. OBS. MIN. MAX. TYPE

20 1.0000 636.0200 38,0252 100.  539.7h1k  761.0704 A

LOWER CELL.
NODE ~ LIMIT  WIDTH FREQUENCIES

20 %90.000 5.0 35 0 1 0 1 o o o
1l 4 6 6 3 7 i
2 5 3 2 3 3 1

O &
w o &
—3 U

2
6
'FINAL_BEgiﬁTS.FQR,RESQURCEfUTILIZATI@N

# OF
RESOURCE AVERAGE STD. DEV. OBS. MIN . MAX.

1 11k,5123 L. 686k 100. 98.4405  128.0006
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APPENDIX L
LEVENE'S TEST
The detailed procedure of Levene's Test for equality of variances
of several groups of observations is as follows :
Let
§~ * P = number of different rules = 11

n = number of different networks = 4

and x

Xon = observed mean completion time resulting from

fule p and network n.

From the p groups means X ,» the following matrix may be formed:

1
Q

NN H o

I
Q

.Xélj XQ?”"’ Xan aVerage.iga

I
Q
Ay

Define

and

n
2. z..=1%. i=1,2,...,p




Groups

‘CHQOSing'ajsignifieanéeﬁléVél‘Of‘£¥= 0.05, the value of F

0.9227. Since F.<< F

A-standard,analysis of variance on the Zij may be performed ss

shown below.

Degrees of
_Sgggge. Sum of Squares Freedom
22
1o . 2 = 42,2
n. E:n" P 51 %1 5178
i i

Mean Square

Between gi
Groups i=1

Within by difference

Mesn - Sn, 1

Total % n ] o Z n,
i=1 =1 1

h: G = 7 + 7 N
where G Zl ZQ Zp:

Iﬁ‘iﬁ‘21P‘ { (p-l),<2:(ni-l),ﬁl-61 } there is evidence that

differences exist betweencff, <7§,..., <y§. If Fl is significantly

less; accept the hypothesis that the variances are all equal.

10,6,.95 18

3.22. The results of the calculations produced an Fl value of
2

: 2 _ _
1 10,6,.95 the hypothesis ¢7l = 02 =

I
Q
ol \V ]

must be accepted.
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APPENDIX 5
TWO-WAY ANALYSIS OF VARIANCE

HavingqéstabliShedihomoscedasticity (constant'Variance), the
analysisadf~varianeémayfnow~be undertaken.
The following variables are defined:

k = number of different rules = 11

n number of different:nétworks = U

=]
il

= nunber ofﬂreplicates = 5

1.
il

o
||

= networks for j = 1,2,3,4

o
!

= c¢émpletion time obtained with ith rule and Jjth network

Q
H

- effect of the ith rule

effect of the Jth network

L)
|

Vi3

Il
l._l
]
c+
)
K
@
0
d
|_.I
O
s
)
Hh
H
)
0
c+
@)
H
d.
ny
D
'_l
d-
ay
:
M
Q
Cy
(—'..
=
~
()]
(—’_
¥,
5
W

Acecounting for possible interactions of the rules and networks, the
cOmpletion.tima Obtained~with_TU1eAi and network B, may be viewegd

as a value assumed by a rand0m~variable'having a normal distribution

with thé mean

Whére

k n k
Z: «; =0, 2. B, =0, D y.. =0

1=]1 - j:l J i=]1 1J

for each j and




L Bl
R A R ., - tereinge. ESEETN

x,N@Wdéfiningixijr as the rth value obtained with rule Ai and
nﬁtwcrkaj and taking m observation of each kind, the appropriate

model becomes

for

o
1l
.

B
[
\JT

The error term ceijrris usually considered a normally and independ-
ently distributed random effect whose mean value is zero and whose " o
variance is the same for all treatments. To summarize the objectives
of the analysis, it is desired to test the null hypothesis

H: =0, B .=0, and v . = 0

I
=
Mo
=

':agaiﬁst~the;altermaﬁefhypbthesis

H: a, #0 8 3 # 0 and Vi 7 0

These tests are agimed at isolating any variations in the data which
may be attributed to the differences among the rules (As), differences

among the networks (BS)j interactions, and chance or experimental

[0}
R
23
@
K

0 Y TN P O T Sy, e - B I L e T
Sl o IR L S A RNl ST M - - .

R 2L 2

R i e Rt e = ¢ e




- - RIS sy e g

The equation of the two=way analysis of variance is given as

k
2.

n
1=1 j=

1 r=1 -d: | i=1 L.

where

ol
i

mean of all the data or grand mean

o
|

;.. T mean of all the data for rule A,

M
[

= mean of all the data for network B

J

g
PS

X, 5 = mean of all the data for rule A, used in combination

with network B 3
components of the right-hand side of the e quation are:

N\

U k
OBA = nm Z (Xi - x)2 = A measure of the variation of
1=1 ot

the data concerning the rules.




n
SSB = km ;gi (x . - X) = A measure of the variation of

ﬁhe-data,eqncerning networks.

M1
|
P3
|
P
+
|
|

A measure

and networks.

and SSE = ) 2.
) ! j-——l

m
Z:(X.. - X.,.) = A measure of the
i=1 -

variation due to chance or experimental error.
$herefdfe?'the analysis equation may be written sgs
SST = SSA + SSB + SSI + SSE

.A&SQMMary of the aﬂalySiS-of varliance may'be;represented by the

Source of
Variation

- Between
B's

Interaction

Ervor

k=1

n=1

Sum of
Sguares

SSA

S5B

sSE

Mean
Sgquare

SSA
df

SSB
daf
SST
df

SSE
df

| =

MSA
MSE

MSB
MSE

MST
MSE

- Total

SST
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The null hypothesis Qongerningfthe‘cxi 1s based on the statistic

I R - | reject H

The null hypothesis concerning the ZBEJ

If

Ani"finallyﬁ thefnull_hypothesis COHCeThingf“Yij 1s based on the

statistie FI' ¥

F.2F. ., . . reject H

The following analytical results were obtained:

Source of Sum of Mean

Variation daf Squares Square P

Between 10 470.10 hT7.01 30.93

~Between 3 5836L4. 79 19k5k.93 12799.29

Interaction 30 4125.25 137.51 90. 47

Erroy 176 268.28 1.52

Total 219 63228.42




Selecting a significance level of @ = 0.05, the followi ng

- statistics were obtained:

and Fo = 90,46 > 1.46

the null hypotheses concerning « ., J s and 7y 5

4 must be rejected.

J

The underlying coneclusion is that there are significant differences

among the rules, between the networks and interactions of both.
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- APPENDIX 6
DUNCAN'S MULTIPLE RANGE TEST

This test compares the range of any set of P means with an

appropriate least significant range R , given by

-
2

wWhere

MSE. The table frbmfwhiCh:rp 1s obtained is calleg

"Critical Values for Duncan's New Multiple Range Test".

MSE

The error mean Square in the analysis of variance for the
gindividualinethrk considered.

n

Number of different rules.

and S}—( = An estimgate of o 3.( = 0o /‘ ,n

Network 1

1.601




Tl

The wvalues Qf“rp for p = 2,3,...11, and (k-1)(n-1) = Lo degrees of

freedome are:

r - 2.858 3.006  3.102 3,171 3,22 3.266

‘be 1.092 1.148 1.185 1.211 1.232 1.248
3.300 3.328 3.352 3.373

1.261 1.271 1.280 1.288

| ‘*?3 raﬂkjthﬁ"rules.acédrding;to?their ascending completion times

Starti ng Wlth lowest value first.

i 10 1 11

__10k.51 105.95 106.00 106.26

9 sy 2 : 6

107.73 108.73 110.30  111.07 111.93 112.7h

.The range of all the means is 8.70 which exceeds Rll = 1.288, the

least significant range. A line is drawn under any set of adjacent

means for which the range is less than the appropriate value of

,Rb, that is, under any set of adjacent means for which differences

are not significant. From the results of the test, it may be




T2

concluded that there ig no significant difference between rules

—~
~

3 and T, an&_aﬁgignificanx:diffgfence'between the use of either 3
or T and the remaining rules. Obviously, rules 3 and 7 produce the
lowest completion times and are therefore the best ones to use for

Network 1.

Network 2

wsg = - SSE_ _ 3.537 _
BES Ty = g = 0.088

s==_/0.088 = 0.090
X 11

« = 0,05

HYi%“#*

Mean

L
79.86

3.300

1

Tr.oh  77.9%

5

279

.300

o 2.858 3.006. 3.102 © 3.171

10

3.350

T

_T7.94

3.224

. 290

11

3.373

.30k

10

17.94

3.266

. 29)

11

T7.94

3

9

80.01 _80.01

significart range. Network 2!

2

80.93

6

80.93

8

80.93

The range of’all:means is 2.99:which,excéeds_Rll = .30L4, the least

S results indicate that there is no




;éignificant'&ifferen@é-between,rﬁles 1, 5, Ty 10 or 11 and s signifi-

Network 3

MSE = : SOk - .,100.9 _

‘R-: 1.363 1.43h 1.486 1.513 1.538 1.558
8 9 10 11
3.300 3.328 3.352 3.373

1.51k 1.507 1.599 1.609

1 10 T 11 8 5
Mean = 76.81 __17.43

79.23  80.06 81.57 82.12

2 9 3 L 6
83.58 85.38 88.19  88.99  99.59

Theiraﬁge-Q£ﬂallfmeans is 22.78 which exceeds Rll = 1.609 the least
signifieant'range. The: results of the Duncan Test on Network U4

indicates that there is;nofsigniﬁicant difference between the use

fof:ruleS<l-and'IQ, T‘andqll, 8 and 5, and 3 and 4. Therefore, either

rules 1 or 10 may be used to obtain minimum project completion time.




- | Network L

MSE = SSE L .66

T 2.858 3.006 3.102 3.171 3.224 3.266

Rb‘ -909 .956 .986 1.008 1.024 1.039

3.300 3.328 3.352 3.373
1.049 1.058 1.066 1.073
Rule # 9 6 L

Mean 110.61 111.54  111.70 112.34

3 8 1 10

113.7% 131k 118.18 122,52 122.52

_minimum:pr@ject.@gmpietion time.




~ APPENDIX T
RANK CORRELATTION

" The fOllQWing?tableiof infOrmatiOn is used in calculating

the coefficient-Of’cancordange (W).

RMEI@Mdgﬁ

Network 1l 2 3 L 5 g 7 8 9 10 11

1 o9 1 8 7 11 s 10 g 4 5
2 310 7.5 6 3 10 3 10 7.5 3 3
3 1 T 9 0 6 11 3 5 8 2 L

Total 16.5 31 23.5 27 20 3B 18 32 22.5 16.5 23

from -5 T =0.5 3 =k 10 <6 8 _1.s -7.5 -1

_AnwiHSPection.@f‘the tablefreveals«that.ruleil for network 1 produced
the fourth lowest completion time, rule 2 thé ninth lowest completion
time, rule 3 the first lowest completion time, and so forth. In

the case of ties, the sverage position number was assigned to

each rule irivolved in the tie. As an example, rules 1, 5, T, 10,

and 11 applied to network 2 all produced the lowest completion

time:&H&*WQﬂ(d.therEfore,Ocﬁﬁpy'the-first five positions of completion.

Su

;?ng?the,pasitions'and'dividingfby’the.number of rules involvegd

in the tie produces

~ et § 'W4'f'5'~= 3. Therefore, rules 1, 5, 7, 10 and 11

are each assigned the rank of 3. By summing the totals for each

column, and dividing by the number of rules, a mean value of the




ranking is obtained. Next, the deviation of each rule from the
mean is determined.
Defining the following variables,

M = mean of rule rankings = 2k

S

sum of squares of deviatiocng = 390

mg:Qnumber-QfﬂnetW©fks-; L

i

W = coefficient of concordance

- W may be thQﬂght-Of as the CQMmunality‘Oeraﬁ7ings for the m networks.

If the rankings all agree, it can be shown that W = 1. If the
rankings. differ very much, W will assume a value which approaches
ZeYo as the disagreement increases.

t = number of rules involved in a tie
i = network number

= sets of ties

1 ]

Ca
I

H
[

H
!

&)

=
I
|
Q

T, =55 (57 - 5) + — ( 3 = 3) * T (22 - 2) = jo. 5

2
H
|
>

=
1l
6p)

' ;="@~1698




T
Now it is desired to test the significance of the Observed
value of W. If g11 the networks are independent in their rankings,
f%hen5anYASet Qfﬁraﬁkings.is Just as probable as any other set.
The null hypathesi5~t9 be testgd‘theh, is that all the rankings are
the same. TUsing Fisher's z - distr ibution; if
where

(m-1) W N

I
i

<2
1!

7. o &~ 388

%SiHQEle < Z;yl, Y o a the null hypothesis is rejected and it may
be concluded that there is g significant difference in the rankings
:Of"the‘rulészr each network. The significance of the difference

in rankings indicates that the rules react differently in each

network used. A rﬁie-which_peruees the lowest completion time or




10.
11.
12.

1k,

Moder, J. J. » and C. R. Phillips,
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