
/mmmaamm 'J#l9&Bmt^m*ln,mimä*.^r.-*~*^*~. 

—"^ 

o: 
N< 
^> 

O 
01 o 
< fil 

M' 

TEXAS A&M  UNIVERSITY 

COLLEGE STATION, TEXAS 77843 

^ 

^f^ 
^ 

DISTRIBUTION STATEMENT A 

Appioved lot public telcau; 
Digtiibution Unlimittd 



üilCTMMPiMu—f ■   - ■ ^»«^»««««««««««»WS*!*^ 

TEXAS A&M UNIVERSITY 
PROJECT THEMIS 

i^ Technical Report No. 51 

STATISTICAL PERT: AN IMPROVED SUBNETWORK 
ANALYSIS PROCEDURE 

by 

R. L.  Sielken Jr., H. 0. Hartley,  R.  K.  Spoerl 

Texas A&M Research Foundation 
Office of Naval Research 
Contract N00014-68-A-0140 
Project NRO47-700 

Reproduction In whole or In part 
Is permitted for any purpose of 
the United States Government. 

This document has been 
approved for public release 
and sale; its distribution 
is unlimited. 

örtrikibJe to DDC AXMT m 
fully lagibl» nprodncttos 

ATTACHMENT 1 



STATISTICAL PERT:    AN IMPROVED SUBNETWORK 
ANALYSIS PROCEDURE 

by 

R. L. Slelken Jr., H. 0. Hartley, R. K. Spoerl 

THEMIS OPTIMIZATION RESEARCH PROGRAM « 
Technical Report No. 51 

INSTITUTE OF STATISTICS 
Texas A&M University 

November 1975 

Research conducted through the 
Texas A&M Research Foundation 

and sponsored by the 
Office of Naval Research 
Contract N00014-68-A-0140 

Project NRO47-700 

i 

Reproduction In whole or In part 
Is permitted for any purpose of 
the United States Government. 

This document has been 
approved for public release 
and sale; Its distribution 
Is unlimited. 

ATTACHMENT II 

-A- 



I; 
I    III ^1n i ■    ■ ' 

TABLE OF CONTENTS 

Section Page 

0 Introduction  1 

1 Analysis of a Subnetwork  2 

1.1 Formation of Clusters  3 
1.2 Approximate Subnetwork Completion Tims Moments and 

Distribution  7 

1.2.1 A Lower Bound on Tr and an Upper Bound on F 7 
1.2.2 An Upper Bound on Tr and a Lower Bound on F 12 
1.2.3 Susmary  13 

2 Comparison with Original Subnetwork Analysis Procedure . 14 

3 Conclusion  24 

References  25 

Appendix A: Proof of Theorem 1  26 

Appendix B: New Subnetwork Analysis Program  31 

Appendix C: Original Subnetwork Analysis Program ... 65 

Appendix D: Monte Carlo PERT Simulation Program .... 99 

"%' 



ABSTRACT 

% 

R. L. Slelken Jr., H. 0. Hartley, R. K. Spoerl 

Statistical PERT la a new procedure for obtaining information 

about the distribution of a project's completion time when the project 

is comprised of a large number of activities and the time required to 

complete an individual activity once it can be begun is a randan 

variable.  The project is Represented as an acyclic network whose arcs 

correspond to the project activities.  This network is simplified by 

replacing various activity configurations by single equivalent 

activities and then decomposed into several subnetworks.  The 

distribution and moments of each subnetwork's completion tin« are 

bounded and approximated on the basis of two points from each 

activity's completion time distribution by using some mathematical 

programming techniques and a new result in the theory of networks. 

The project's completion time distribution is then approximated by 

combining the approximate subnetwork distributions. 

This report describes several refinements in the subnetwork 

analysis procedure.^ One major refinement greatly reduces the 

computational efforL^JL obtaining bounds on the project completion 

time moments and distribution.  A second major reflnwent allows the 

two-point approximation of an activity's completion time distribution 

to better represent skewed distributions.  The computar programs 

required to Implement the new subnetwork analysis proeadur« «re liatad 

and documented. 

~~c~ 
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Statistical PERT: An Improved Subnetwork Analysis Procedure 

R. L. Slelken Jr., H. 0. Hartley, R. K. Spoeri 

The well-known Program Evaluation and Review Technique (PERT) Is 

concerned with a 'project' comprised of a large number of 'activities' which 

are arranged as the arcs in a complex acyclic network (sae e.g. Figure 1). 

The activities at any network node 'connence' as soon as all activities 

'terminating' at that node are completed. The time required to cooplete 

an activity once It can be begun is a random variable, and hence the time 

needed to complete the entire project is also a random variable. 

In Technical Report No. 48 "Statistical Critical Path Analysis in 

Acyclic Networks: Statistical PERT" a comprehensive new procedure for 

obtaining information on the project completion time and its distribution 

was described and Illustrated. That procedure involved the following five 

general steps: 

Step 1: Identification 

Represent the project and its component activities in terms of an 

acyclic network with one source and one sink. Identify each activity's 

completion time distribution or at least two points on each activity's 

completion time distribution. 

Step 2: Simplification 

Replace various activity configurations and their associated 

completion time distributions by a single equivalent activity and 

completion time distribution. 



I:-, I '.',1.1  l^ttämmmmmimm 

Step 3: Decomposition 

Decompose the simplified network into several subnetworks by 

separating parallel subnetworks and then separating the resulting sub- 

networks at each cut vertex. A cut vertex is any node such that every 

path from the source to the sink passes through it. 

Step 4: Analysis 

Each subnetwork arising from Step 3 is analysed on the basis of 

two points from each component activity's completion time distribution. 

The result of this analysis is an approximation of each subnetwork's 

completion time distribution and the moments of this distribution. 

Step 5: Synthesis 

Conblne the approximate subnetwork completion time distributions 

determined in Step 4. The result is an approximate completion time 

distribution for the entire project. 

The purpose of this report is to document several refinements 

in the subnetwork analysis step. Step 4. 

1. Analysla of a Subnetwork 

The analytical procedure described in this section yields the 

following information on each subnetwork when each conponent activity's 

completion time distribution is replaced by a discrete two-point 

distribution: 

(a) Upper and lower bounds on the mean subnetwork completion time 

as well as the other moments of the subnetwork completion time. 

(b) Upper and lower bounds on tide distribution function of the 

subnetwork coupletion time. 



(c) An approximate distribution function of the subnetwork 

completion time. 

Each subnetwork is assumed to be an acyclic network with one 

source, one sink, and no cut vertices. 

The analysis of each subnetwork involves essentially two parts: 

1. The formation of "clusters" of activities whose effect on the 

subnetwork completion time seems to be interrelated. 

2. The approximation of the subnetwork completion time moments 

and distribution on the basis of the clusters. 

1.1  Formation of Clusters 

The actual completion time distribution of each individual activity, 

A, in the subnetwork is replaced by a discrete distribution with probability 

P at the lower point, £ , and Q - 1-P at the upper point, uA. 

u 

M -A,  ^   ^ - _ er„   P , -A. 

Let n be the number of activities in the subnetwork. Then for 

each of the 2n combinations of the t.'s and u.'s there will be a 
A       A 

subnetwork completion time (a critical path time). The r-th moment of 

these 2n times will be denoted by T , and the distribution function of 

these times will be denoted by F. The approximation of the T 's 

(especially T , the mean) and F is the goal of the subnetwork analysis. 

Since n will usually be fairly large, the conflate enumeration of the ; ({| 

2n critical path times will usually be unreasonable. Hence the 

activities which are most likely to be on the critical path through 

the subnetwork are identified and their joint behavior Investigated. 

The mean of the completion time distribution for activity A is 

defined to be m ■ PH. + Qu.. The standard deviation of the completion 
A    A    A 

/  2 2        2 time distribution for activity A is defined to be s   - /PI   + Qu. - « 
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and is assumed to be positive.    (The assumption that s    > 0 Is not really 

a practical restriction since the difference between a fixed activity 

completion time and one with a very small dispersion Is negligible from 

a practical viewpoint.)    The subnetwork's critical path when each 

activity's completion time is set equal to its mean will be referred to 

as the "original" critical path.    The activities on this critical path 

will be referred to as "critical activities" with K equalling the number 

of such activities.    Some non-critical activities might become critical 

if some of the completion times for the original critical activities 

were decreased.    These activities are identified as follows.    The completion 

time for one critical activity, say A, is set equal to inax{m    - Xs  , 0} 

where A is a non-negative algorithm parameter which the user specifies. 

All other completion times are set equal to their means.    Then the longest 

path through the resulting network is determined.    Any activities on this 
i 

path which were not on the original critical path are now referred to as 

the "associates" of A since the effect of these "associates" on the networks' 

conpletlon time is related to A's completion time. This procedure is 

repeated for each original critical activity. 

Each critical activity and its associates make up one "cluster". 

These K Initial clusters are now "pooled" by combining any two clusters 

with at least one activity in conmon. In general there will still be 

more than one cluster, and many of the n - K non-critical activities will 

not occur in any cluster. 

The a^oclates correspond to the activities which become critical 

when the completion times of the original critical activities are 

lowered. However, some of the originally non-critical activities may 

also become critical if their completion tines exceed their meaas 
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and the completion times of the original critical activities are at 

their means. These activities are identified next. Each 

originally non-critical activity is investigated separately. If activity 

A is being investigated, then the completion time for A is set equal to 

m + 6s. where 6 is a non-negative algorithm parameter which the user 
A     A 

specifies.    The completion times for all other activities are set equal 

to their means,  and the corresponding critical path determined.    This 

critical path will either be the original critical path or a new path 

which Includes A.    In the latter case, the activities on the original 

critical path which are not on a new critical path containing A are 

called the "elimlnants" of A.    Thus, the effect of A's ellmlnants on 

the networks completion time is related to the completion time for A. 

Hence, A is added to any cluster which contains at least one of A's 

elimlnants.    After this procedure has been repeated for each originally 

non-critical activity,  the resultant clusters are "pooled" again by 

combining any two clusters with at least one activity in common. 

Although the number of clusters is reduced when the pooling on 

the basis of the associates occurs and then further reduced when the 

pooling on the basis of the elimlnants occurs, there will generally 
; 

remain more than one cluster and several activities not in any cluster. 
I ' 

In general the larger the values of A and 6 the greater the 

number of activities in the clusters and the smaller the number of 

clusters. In particular the procedure for forming the clusters has the 

following properties: 

Property 1: If X. > X , then any activity which would be an associate 

of a critical activity A when X ■ X. would also be an 

associate of A when X - X . 

i 

: 
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Property 2:    If 6. > 6., then any critical activity which would be an 

eliminant of a non-critical activity A when 6*6. would 

also be an eliminant of A when e ■ 6». 

Property 3:    For any originally non-critical activity A there exists 

6.   scch that A will have some ellmlnants for any e >. 6.. 

Property 4:    For any fixed value of X,  the set of activities in the union 

of the clusters is monotically non-decreasing as 6 -* <»• 

Property 5:    There exists a finite value 6* such that if 6 >. 6*. then 

every activity would be in some cluster. 

Property 6:    The number of clusters, originally K, is non-increasing as 

e -•■». 

Property 7:    There exists a finite value 6* such that if e >. 6*, then 

there would only be one cluster. 

Most of the properties of the cluster formation procedure are 

fairly straightforward; however. Property 7 requires some special 

justification.    This justification is based on the following definition 

and theorem which is proven in Appendix A. 

I 

1 I 

Definition; In any acyclic network a bridge over any two consecutive 

arcs A and A, is any arc A. such that all paths from the source to 

the sink passing through A. do not pass through either A. or A.. 

Theorem 1; In any acyclic network with no cut vertices there is at least 

one bridge for any pair of consecutive arcs. 

Property 3 Implies that all activities will belong to some cluster if 

9 > 8* and 

6* - maxie.: A originally non-critical}. 
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r < 
Now consider any two consecutive activities A. and A, on the original 

critical path. Theorem 1 inplles that there is a bridge over A. and A,, 

say A.. Since the original critical path passes through A. and A,, A. 

cannot be on the original critical path. Therefore, If 6 >. 6* ^ 6. , A. 

and A. will be ellmlnacts of A. and hence will be In the same cluster as 

A.. Thus, since each cluster contains at least one original critical 
3 

activity and any two consecutive original critical path activities belong 

to the same cluster when 6 >. 6^, there is only one cluster when 9 >_ 9* 

and Property 7 is established. 

1.2 Approximate Subnetwork Completion Time Homents and Distribution 

1.2.1 A Lower Bound on T and an Upper Bound on F 

For each cluster C let n denote the number of activities in C, and 
c n n 

let v - 1 2 c index the 2 c configurations of activity completion 

times when 

(a) the completion time for each activity A not in C is equal to 

its lower point, £., and 

(b) the completion times for the activities in C are at each of 
n 

the 2 c possible combinations of their upper and lower points. 

Let 

and 

t - critical path time for the v-th configuration 

p - probability of the v-th configuration 

n 
c 

" A tPi(1" 'v.^+ Qi ^.i1 

where 
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Then 

and 

6     .  - 1    If the time for the i-th activity In C la u.  In 

the v-th configuration 

- 0    if the time for the 1-th activity in C la l    in the 

v-th configuration. 

T (C)  =    I    p t r -  "v v v»l 

where 

F^t; C) =    E    p    It(tv) 
V"l 

lAt ) - X      if t    < t t    v v — 

0      if t   > t 
V 

are the r-th moment of the 2      critical path times and their distribution 

function respectively.    Let 

\ 

and 

Tr(e, X) - max Tr(C) 

F+(t; 6, X) - mln P+(t; C) 

which depend on 6 and X since the composition and number of clusters 

depend on 0 and X. 

The first step in showing that T~(e, X) Is a lower bound for T Is 

proving the following theorem: 

Theorem 2; For any cluster C, any positive Integer t, and any activity 

A not in C, 

^(C U {A}) > Tj(C). 
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Proof: Consider any particular critical path for a particular one of 
n 

the 2  combinations of upper and lower points involved in T (C). Consider 

the following two cases: 

(1) activity A with its completion time equal to i   is on the 

critical path, and 

(11) activity A with its completion time equal to I.  Is not on 

the critical path. 

Let 6. ■ (u - ft ) and the particular critical path time be t. Then 

In case (1) 

(a) if the completion time for A is set equal to u , this will 

increase the r-th moment of the critical path time by 

Q[(t + 6^r - trl; and 

(b) if the completion time for A Is set equal to Ä.., this will not 

alter the r-th moment of the critical path time. 

In case (11) 

(a) if the completion time for A is set equal to u., this may 

increase the r-th moment of the critical path time by 

Q[(t + 6.)r - tr] or less, and 
A 

(b) if the completion time for A is set equal to i..,  this will not 

alter the r-th moment of the critical path time. 

Therefore in either case the contribution to T~(C U {A}) - T~(C) for this 

particular critical path will be between 0 and Q[(t + 6 ) - t ]. Since 

the contribution is non-negative for each particular combination, 

T"(C U {A}) > T"(C). OED 

A straightforward application of Theorem 2 yields the following 

theorem: 

i  i 

■ 
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Theorem 3: For any two clusters C and C and any positive integer r, 

^r(Cl U C2) - "«^(C^. r(C2)}. 

Property 2 of the cluster formation procedure implies that if e is 

Increased the clusters expand or are pooled. Thus, Theorems 2 and 3 

imply that, for fixed X, T~(e, X) Is non-decreasing as e increases. 

Furthermore, Properties 5 and 7 together imply that for 6 sufficiently 

large there is only One cluster and all of subnetwork activities are in 

that cluster. Hence, for 6 sufficiently large T'(e, X) ■ T , and the 

following theorem is true: 

Theorem 4; 

(a) T~(e, X) is a non-decreasing function of 6 for any fixed 

values of X and r; 

(b) there exists a finite value 6* such that 6 >. 6* Implies 

\(e, x) - Tr 

for any X, and r; and 

(c) for any 6, X, and r 

) 
Tr(e, x) < Tr. 

j 

Similarly, the first step in showing that F (t; 6, X) 1« an upper 
■ 

bound on F(t) is the following theorem: 

Theorem 5: For any cluster C, any value of t, and any activity A not 

in C, 

F+(t; C U {A}) < F+(t; C). 
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Proof; Consider any particular configuration of activity times used to 

determine F (t; C) before C is augmented by A. When A is added to C, 

this particular configuration will appear once with A at its upper 

percentile and once with A at its lower percentile. When A is at its 

lower percentile, the configuration's critical path time is unchanged. 

However, when A is at its upper percentile, the configurations' critical 

path time is either unchanged or possibly increased if A were on the 

configuration's critical path. Thus, the addition of A leaves the 

cumulative probability associated with critical path times less than or 

equal to t either unchanged or decreased. QED 

A straightforward extension of Theorem 5 is the following 

theorem: 

Theorem 7: 

(a) F (t; 6, X) is a non-increasing function of 6 for every t and 

any \\ 

Theorem 6; For any two clusters C and C. and any t, 
j 

F+(t; Cx  U C2) < min{F
+(t; Cjh F+(t; C2)}. 

' :i 
: 

Since Property 2 of the cluster formation procedure implies that 

the clusters expand or are pooled if 8 is Increased, Theorem 5 and Theorem 
+ 

6 together Imply that, for all t and any fixed A, F (t; 6, X) is non- 
■  'I 

increasing function of 6.    Furthermore, Properties 5 and 7 together imply { 

that for 6 sufficiently large there is only one cluster and all of the 

subnetwork activities are in that cluster.    Hence,  for 6 sufficiently * 
+ 

large F (t; 9, X) ■ F(t) and the following theorem is true: 

\> 
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(b) there exists a finite value a* such that 6 .> 8* Implies 

F+(t;  9,  X)  • F(t) 

for every t and X; and 

(c) for any e, X, and t 

F+(t; e, X) > F(t). 

1.2.2 An Upper Bound on T and a Lower Bound on F 

For each cluster C let n denote the number of activities in C, and 

let v - 1, ..., 2 c index the 2 c configurations of activity completion 

times when 

(a) the completion time for each activity not in the cluster is 

equal to its upper point, and 

(b) the completion times for the activities in the cluster are 
n 

at each of the 2 c possible combinations of their upper and 

lower percentlles. 

Let t , p , and I (t ) be as before and define v rv     t v 
l;1 

T+(C) - E p tr, 
r      , rv v v-1 

T*(e, X) - min T+(C) 
r       C  r 

F'(t; C) - E Pvlt(tv). 
v-1 

and 

F (t; 6, X) - max F (t; C), 
C 
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Then an argument completely analogous to that used to prove Theorem 4 

and Theorem 7 leads to the following theorems: 

Theorem 8; 

(a) T (8,  X) Is a non-increasing function of 6 for any fixed values 

of X and r; 

(b) there exists a finite value 6* such that 6 >. 6* implies 

Tr(e, X) - Tr 

for any X and r; and 

(c) for any 9, X, and r 

T < T (6, X). 
r — r 

Theorem 9; 

(a) There exists a finite value 6* such that 6 .> 6* implies 

F"(t; 6, X) - F(t) 

for every t and any X; and 

(b) for any 8, X, and t 
?   : 

F'(t; 8, X) < F(t). 

1.2.3 Sunnary 

Theorems 2-9 together imply that for any value of 6 and A chosen 

by the algorithm user: 

(a) T"(e, X) < T <  T^e, X), for any positive integet r; sad 

(b) F"(t; 8, X) < F(t) < F+(t; 6, X) for any t. 
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They also imply that, for any r, X, and t, 

and 

Tr(9, X) - Tr(e, X) 

F (t; 8. X) - F"(t; 6, X) 

would decrease monotonlcally to zero If 6 were Increased. In fact. 

Theorems 2-9 imply that there exists a value 6* which doesn't depend 

on r, X, or t such that 6 :> 9* implies that 

and 

Tr(9, X) - Tr- Tr(9, X) 

F"(t: 9. X) - F(t) - F (t; 6, X). 

A reasonable approximation for F(t) is 

F(t; 9, X)  - '»[F'Ct;  9, X) + F (t; 9, X)l. 

2.    Comparison with the Original Subnetwork Analysis Procedure 

The original subnetwork analysis procedure documented in Technical 

Report No. 48 formed the clusters in essentially the sane way as the new 

subnetwork analysis procedure described in this report except that in the 

original procedure P always equalled >■ and 8 and X multiplied the point 

difference, u.  - I., instead of the standard deviation A       A .^IfT pur - "A" 

In the original procedure ny ■ £ n denotes the number of activities 

in the union of the clusters, and T (6, X) is defined to be the average 

of the r-th power of the 2  critical path times when 

(a) the completion tine for each activity not In the union of the 

clusters Is equal to its upper point, and 
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(b)  the completion times for the activities in the union of the 
nU clusters are at each of the 2  possible combinations of their 

upper and lower points. 

Correspondingly, F (t; 6, A) was defined to be the proportion of these 
nU 2  critical path times that were less than or equal to t. Analogously, 

+ nU 
F (t; 6, X) was the proportion of the 2  critical path times less than 

or equal to t when 

(a) the completion time for each activity not in the union of the 

clusters is equal to its lower point, and 

(b) the completion times for the activities In the union of the 
nU clusters are at each of the 2  possible combinations of 

their upper and lower points. 
nU 

The only problem with this procedure is that 2  may be quite large even 

for relatively small values of (6, X). For example, if the original 

critical path contains 10 activities and each critical activity has one 

"U   20 
associate, then 2  - 2  - 1,048,576, and the determination of 

T (6, X), F~(t; 6, X), and F (t; 6, X) requires the evaluation of over 

2 million critical path times. On the other hand, in the new procedure the 

determination of T~(9, X), T (6, X), F~(t; 6, X), F (t; 9, X) requires 
n 

the evaluation of only 111      critical path times, 80 in the example. 
c 

Thus the new procedure greatly reduces the computational effort required 

to bound the project completion time moments and distribution. 
nU A practical alternative to evaluating all 2      critical path times 

nU called for in the original procedure is to randomly sample the 2 

critical path times when n.. is    large and base the bounds on the sample 

critical path times.    A computer program for the original procedure with 

a sampling option is documented In Appendix C.    (This program supercedes 

b     ^ 

\\ 
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the subnetwork analysis program given in Technical Report No.  48.)    It 

should be noted that the original subnetwork analysis procedure with 

the sampling option in effect is still superior to a simple Monte Carlo 

simulation of the subnetwork since the subnetwork analysis procedure 

(1)    provides the information in terms of associates and 

ellminants about which activities play an important role 

in determining the subnetwork's completion time and the 
I 

interactions among activities, and 

(11) samples only those activities which most influence the 

subnetwork completion time. 

Furthermore, the loss in accuracy due to sampling in the subnetwork 

analysis procedure seems to be quite minimal even for relatively small 

sample sizes - see for example Table 2 and Table 3. 

All specific computational results documented in this report are 
I 

for the project network given in Figure 1. (This network is the 

simplified network from a large naval PERT problem.) A listing of each 
i 

activity's two-point approximation except for its P and Q is given in 

Table 1. 

Sampling can also be used in the new subnetwork analysis procedure 
n 

in the somewhat unlikely event that 8 and X are chosen so large that 2 

for some cluster C is too large. In this case the probability that the 
n 

v-th configuration of activity completion times v ■■ 1, ..., 2 c Is 

selected on a sampling trial is 

n 
,c 

c 

Pv - ^ [P.d - 6^,) + Q^,] 

where 
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i 

I 

I 
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Table 1. The Upper and Lower Points in the Two-Point 
Approximations to the Activity Completion 
Time Distributions for the Project Network 
in Figure 1 

Activity Origin Terminal Lower Upper 
Number Mode Node Point Point 

1 1 2 0.0 0.0 
2 8 12 336.27 429.47 
3 2 3 57.47 89.96 
4 2 4 57.47 89.96 
5 2 5 57.47 89.96 
6 2 6 57.47 89.96 
7 2 7 57.47 89.96 
8 3 8 68.96 107.95 
9 4 8 68.96 107.95 
10 5 8 68.96 107.95 
11 6 8 68.96 107.95 
12 7 8 68.96 107.95 
13 2 8 150.36 193.49 
1A 6 10 333.96 403.85 
15 3 9 333.96 403.85 
16 7 11 355.10 409.85 
17 11 18 141.75 221.90 
18 10 13 672.36 783.11 
19 9 14 560.89 660.00 
20 9 15 560.89 660.00 
21 9 16 560.89 660.00 
22 11 17 542.80 638.71 
23 12 18 111.10 173.92 
24 18 19 256.03 346.98 
25 12 19 302.80 400.67 
26 12 20 311.95 410.71 
27 11 21 423.58 530.74 
28 12 22 315.35 415.71 
29 19 20 7.66 11.99 
30 20 21 16.77 22.55 
31 21 22 11.49 17.99 
32 22 23 39.54 48.87 
33 12 26 301.91 400.86 
34 5 26 767.09 892.74 
35 12 27 350.31 460.06 
36 12 24 382.32 464.98 
37 12 25 385.28 461.54 
38 25 24 11.49 17.99 
39 24 23 16.28 23.00 
40 26 27 7.66 11.99 
41 27 25 20.86 28.29 
42 4 28 810.17 976.10 
43 23 29 15.32 23.99 
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Activity Origin Terminal Lower Upper 
Number Node Node Point Point 

44 28 30 15.32 23.99 
45 14 31 57.47 89.96 
46 16 31 49.81 77.96 
47 15 31 53.64 83.96 
48 17 31 88.12 137.94 
49 31 32 3.83 6.00 
50 32 13 49.81 77.96 
51 13 33 109.01 152.63 
52 11 32 745.50 811.32 
53 10 32 714.74 799.83 
54 30 14 0.0 0.0 
55 30 16 0.0 0.0 
56 30 15 0.0 0.0 
57 29 17 0.0 0.0 
58 29 28 0.0 0.0 

19 
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Table 2.    The Effect of Sampling In the Original Subnetwork Analysis 
Procedure:    Percentlles of the Project Completion Time Distribution 

Percentlles Sample Sites 
(e.x) - (0,0) (e.x) - (.25.0) 

2nU-26 25 24 2^ - 211 1000 500 200 100 

.05 1360 1363 1377 1381 1381 1381 1384 1384 

.10 1383 1390 1413 1409 1406 1411 1406 1414 

.15 1403 1413 1423 1424 1421 1429 1424 1423 

.20 1416 1423 1436 1441 1436 1443 1441 1446 

.25 1430 1430 1446 1451 1448 1451 1451 1453 

.30 1446 1453 1466 1458 1456 1461 1458 1463 

.35 1459 1479 1472 1468 1466 1471 1468 1471 

.40 1476 1486 1476 1478 1473 1478 1476 1478 

.45 1499 1499 1512 1483 1483 1483 1483 1483 

.50 1542 1542 1516 1488 1486 1491 1491 1488 

.55 1578 1578 1575 1496 1496 1498 1498 1498 

.60 1578 1578 1575 1501 1501 1505 1501 1503 

.65 1602 1602 1579 1513 1510 1513 1513 1513 

.70 1605 1605 1602 1515 1515 1515 1523 1515 

.75 1605 1618 1605 1525 1525 1525 1528 1525 

.80 1621 1618 1605 1533 1533 1530 1538 1530 

.85 1622 1622 1618 1543 1543 1543 1545 1543 

.90 1645 1622 1622 1558 1558 1558 1570 1577 

.95 1648 1645 1648 1585 1585 1582 1587 1597 

.975 1648 1648 1648 1607 1607 1605 1605 1622 

.99 1648 1648 1648 1625 1625 1625 1622 1647 

1.00 1648 1648 1648 1649 1649 1649 1649 1649 
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Table 3.    The Effect of Skewed Activity Completion Time 
Distributions on the Subnetwork Analysis Procedures. 

Estimated Percentlles of the Project Completion 
Time Distribution 

Original New 
Subnetwork Subnetwork 
Analyi sis Analysis 
Procedure Procedure 

Monte (Sample Size (Sample >.  Size 
centile Carlo - lOOO/cluster) - lOOO/cluster) 

1st Run 2nd Run 1st Run 2nd Run 

.05 1405 1402 1396 1370 1374 

.10 1423 1416 1416 1390 1398 

.15 1435 1430 1433 1402 1410 

.20 1447 1438 1443 1425 1437 

.25 14^7 1448 1449 1437 1449 

.30 1467 1453 1456 1450 1453 

.35 1477 1462 1466 1461 1461 

.40 1486 1469 1473 1484 1500 

.45 1496 1476 1479 1504 1524 

.50 1507 1481 1483 1528 1528 

.55 1516 1487 1489 1528 1528 

.60 1527 1495 1496 1528 1528 

.65 1538 1500 1499 1563 1560 

.70 1549 1510 1512 1567 1567 

.75 1560 1517 1516 1579 1579 

.80 1580 1526 1529 1587 1587 

.85 1603 1541 1542 1598 1602 

.90 1627 1550 1552 1610 1614 

.95 1675 1575 1582 1622 1673 
1.00 2019 1646 1648 1720 1720 

I 

The "1st run" and "2nd run" correspond to two different samples with 
different initializations of the random number generator. 
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6   = 1 If the time for the 1-th activity In C Is u. In 
v,l ^ i 

the v-th configuration 

- 0 If the time for the 1-th activity In C la i.  In 

the v-th configuration. 
I 

Then with I   (t )  as before the estimated bounds from C are t    v 
nc2nc 

2 c    _ ^r 

i 

T  (C)  - ~-   I    wp  t r N        ,    >rv v V"l 

and 
n 

n    - c 

F+(t;  C) - ^   I    Vv^^^ 
v=l 

where w    Is the number of times the v-th configuration appears In the 

sample,  N Is  the sample size,  and t    Is  the critical path time correspond- 
v 

ing to the v-th configuration of activity completion times with the 

completion time for each activity A not In C equal to I..    Similar 
+ 

modifications are made for T (C) and F (t; C). The corresponding 
r 

estimators T~(e, X), T+(e, X), F~(t; 6, X), and F (t; 0, X) are all r       r 

unbiased. 

A computer implementation of the new subnetwork analysis procedure 

including the sampling option is documented In Appendix B.    In addition 

to reducing the computational effort,  the new subnetwork analysis procedure 

allows the user to specify any probabilities  (P, Q)  for (l, u)  Instead 

of requiring (1/2, 1/2).    This would not be of great significance If all 

activity completion time distributions were symmetric.    However, since 

many completion time distributions are skewed,  the ability to specify 

(P, Q) can be a real advantage.    To exemplify this advantage, the 

completion time for each activity in Figure 1 was taken to be a linearly 

Ui? 
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transformed chl-square random variable,   (x^ - c )/c  , where c    and c. 

were determined so that the points In Table 1 corresponded to the 15-th 

and 85-th percentlles respectively.    This made the activity's completion 

time distribution highly skewed.    Then the corresponding project 

completion time distribution was approximated using 

(1)    a Monte Carlo simulation of size 1000, 

(11)    the new subnetwork analysis procedure with (P, Q) - (1/2, 1/2) 

for all activities, and 

(111)    the new procedure with each activity's  (P, Q) chosen so that 

the mode and first two moments of Its two-point approximation 

equalled the mode and first two moments of Its transformed 

chl-square distribution. 

The results are given in Tabl?. 3.    If the Monte Carlo approximation Is 

used as a basis for comparison, the value of being able to specify (P, Q) 

Is obvious. 

The Monte Carlo PERT simulation program used In the above experiment 

Is documented In Appendix D and supercedes the Monte Carlo PERT program 

given In Technical Report No. 48. 

In the special case where every activity's  (P, Q) Is (1/2, 1/2), 

the T~(C) and F  (t;  C)  can be computed on the basis of the 2 c critical 

path times corresponding to 
« 

(a) the completion time for each activity A not In C being equal 

to the mean, m , and 

(b) the completion times for the activities in C being at each of 
n 

the 2 c possible combinations of their upper and lower points. 

This is a change from the usual computation in that the activities not 

in C are at their means here Instead of their lower points. This change 
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will tend to Improve the estimators T_(6, X) and F (t; 6, X).    However, 

this change Is only guaranteed not to Invalidate Theorems 4 and 7 when 

all (P, Q) are (1/2, 1/2). The computer Implementation of the new 

subnetwork analysis procedure includes the option to make this change. 

r Conclusion 

The new subnetwork analysis procedure 

(i)    forms associates, eliminants, and clusters in essentially 

the same way as the original procedure, 

(11)    bounds the project's completion time moments and distribution 

primarily on the basis of the individual clusters instead 

of on a pooled cluster, and 

(ill)    approximates an activity's completion time distribution by 

a two-point distribution with possibly unequal probabilities 

for the two points instead of always equal probabilities. 

The advantage of  (ii)  is that much much fewer critical path times need 

to be evaluated in determining the bounds on the project completion 

time.    The advantage to  (ill)  is the ability to better approximate 

skewed activity completion time distributions. 

Computer implementations of the new subnetwork analysis procedure, 
i 

the original subnetwork analysis procedure, and a Monte Carlo simulation 

algorithm are documented in Appendices B, C,  and D respectively.    Both 

subnetwork analysis procedures include options to use sampling for 

large clusters. 

» \i 
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APPENDIX A 

Proof of Theorem 1 

The principle objective of this appendix is to prove the follow- 

ing theorem: 

Theorem 1: In any acyclic network with no cut vertices there ia at 

least one bridge for any pair of consecutive arcs. 

The networks considered in this appendix are assumed to be 

acyclic, have no cut vertices, and have one source and one sink. Also 

the two arcs A., and A. are any two adjacent  (consecutive) arcs with A. 

pveceding A.. 

Definition 1; A bridge over A and A. is any arc, say A_, such that 

all paths from the source to the sink passing through A. do not pass 

through either A or A . 

Definition 2; An origin violator of Aj^ and A, is an arc, say A-, 

such that there exists t 

which passes through A,. 

such that there exists a path from the terminal node of A. to the sink 

Definition 3. A terminal violator of A. and A- is an arc, say A-, 

such that there exists a path from the source to the terminal node of 

A. which passes through A.. 

An intuitive feeling for these definitions can be obtained by con- 

sidering any path P* from the source to the sink which passes through 

A and A,. If an arc A. is an origin violator, then there is a path 

from the source to the sink which follows along P* through the terminal 

^  ! 
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node of A1 and then goes through A3. This path "originates" from P* 

too late for A3 to be a bridge over A1 and A2. Similarly, if A3 is 

a terminal violator, then there is a path from the source to the sink 

which passes through A3 and then joins into P* before P* passes through 

the terminal node of A^ This path "terminates" into P* too early for 

A, to be a bridge. 

BRIDGES over A1  and A2: H, I, N, 0, P, and Q 

ORIGIN VIOLATORS of A1 and A2: A2, F, G, J, K, R, and S 

TERMINAL VI0UT0RS of A1 and A2: A^ D, E, L, and M 

The following thre« lemmas ara straightforward consequences of the 

definitions of a bridge, an origin violator, and a terminal violator. 
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Lemma 1; Every branch In the network Is either a bridge over A., and 

A-, an origin violator of A1 and A , or a terminal violator of A. 

and An 

Proof of Lemma 1:    Suppose that A„ Is not a bridge.    Then there exists 

a path P from the source to the sink which contains A. and either A.. 

or A„. 

i  i 

', !■ 

Suppose that P contains A1. If A. - A. or A- precedes A.^  on P, 

then F contains a path from the source to the terminal node of A. which 

passes through A., and A, would be a terminal violator.  On the other 

hand, If A. follows A. on P, then P contains a path from the terminal 

node of A to the sink which passes through A., and A- would be an 

origin violator. 

Suppose that P contains A,. If A, - A, or A. comes after A. on 

P, then P contains a path from the terminal node of A. (the origin 

node of A ) to the sink which passes through A», and A. would be an 

origin violator. If A. comes before A» on P, then P contains a path 

from the source to the terminal node of A. (the origin node of A.) 

which passes through A-, and A. would be a terminal violator. This 

completes the proof of Lemma 1. 

Lemma 2: A. Is a terminal violator of A. and A», and A- is an origin 

violator of A. and A». 

Leuna 3: Any arc A. cannot be both an origin violator of A. and A, 

and a terminal violator of A. and A». 



29 

Proof of Lemma 3: Suppose that an arc A. Is both an origin violator 

and a terminal violator. Since A. Is an origin violator, there exists 

a path from the terminal node of A^ to the origin node of A..  Since 

A. Is a terminal violator, there exists a path from the terminal node 

of A. to the terminal node of A^. The existence of these two paths, 

however. Implies the existence of a circuit which contradicts the given 

acyclic structure of the network. This completes the proof of Lemma 3. 

Proof of Theorem 1: Since the terminal node of A. cannot be a cut 

vertex, there exists a path P from the source to the sink which does 

not pass through the terminal node of A.. Denote the arcs on P by 

Cj, C», ..., C with C., preceding C. on P. 

Suppose that none of C., C,, •••,  C are bridges over A., and A«. 

Then Lemma 1 and Lemma 3 together imply that each of C., C., ..., C 

is either an origin violator of A, and A» or a terminal violator of 

A. and A. but not both.  Since the origin node of C, Is the source, 

C, cannot be an origin violator and must be a terminal violator. 

Similarly, since the terminal node of C is the sink, C cannot be a 

terminal violator and must be an origin violator. Hence, there exists 

j 2^ 1 such that Cj, C-, .... C. are all terminal violators and C.+. is 

an origin violator. 

Since C la a terminal violator, there exists a path from the 

terminal node of C. to the terminal node of A.. Furthermore, since 

C. .. is an origin violator, there is a path from the terminal node 

of A. to the origin node of C.., (the terminal node of C.). These 

two paths imply the existence of a circuit from the terminal node of 
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C. to the terminal node of A. and then back to the terminal node of 

C..  (The definition of P implies that the terminal node of C. is not 

the terminal node of A .) This contradicts the given acyclic structure 

of the network and completes the proof of Theorem 1. 
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APPENDIX B 

New Subnetwork Analysis Program 

The New Subnetwork Analysis Program Is an implementation of the 

analytical procedure described in Section 1 of this report.  The basic 

required Input Is 

(a) an acyclic network with one source and one sink, 

(b) two points from each component activity's completion 

time distribution 

(c) probability P to be associated with the lower point, 

and 

(d) specified values for the algorithm parameters 9 and X. 

The output is mainly 

(a) upper and lower bounds on the moments of the network 

completion time, T (0, X) and T"(e, X) r - 1, 2, .... 10; 

(b) upper and lower bounds on the distribution function of 

+ 
the network completion time, F (•; 3, X) and F (•; 0, X); ' 

j 
and 

;' j 

(c) an approximate network completion time distribution, 

P(-; Q. X) - |[FV; 0. X) +F_(-; 0, X)]. 

The basic computational technique for determining critical path 

times is the Simplex Algorithm.  This algorithm is applied to the dual 

problem.  The Simplex Algorithm Is used instead of the standard network 

analysis techniques because the Simplex Algorithm is Ideally suited for 

the type of parametric programming required to evaluate several critical 

path times when only the activity times vary from one problem to the next. 

A listing of the Subnetwork Analysis Program and a program flowchart 

are given at the end of this appendix. 
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Specific Input Instructions; 

Card 1.  Col.  1-3: The number of activities In the network, Format (13). 

Col.  4-6: The number of nodes In the network, Format (13). 

For each activity one card with: 

Col. 11-15: The origin node of the activity, Format (15). 

Col. 21-25: The terminal node of the activity. Format (15). 

Col. 31-40: The lower point on the activity's completion time 

distribution. Format (F10.0). 

Col. 41-50: The upper point on the activity's completion time 

distribution. Format (F10.0). 

Col. 51-60: The probability P to be associated with the 

lower point (1-P will be associated with the 

upper point). Format (F10.5). 

Next Card.  Col. 1: 0PT0N1. 0PT0N1-1 implies that the program will 

terminate after the clusters have been formed on 

the basis of associates and elimlnants.  OPTONf'l 

implies that the program will follow the normal 

procedure. 

Col. 2: 0PTON2. 0PT0N2-1 implies that the lower bounds 

on the moments of the project completibn time pnd 

the upper bound on its distribution will be 

determined by using all activity times outside the 

cluster at their means instead of their lower 

paints.  This is only guaranteed to be a valid 

procedure when all (P, Q) - (1/2, 1/2).  OPTONZ^l 

Implies that the program will follow the normal 

procedure. 

! 
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Next Card. Col. 1-3: IEDF, The program computes an absolute upper and 

lower bound for the network completion time.  This 

range is subdivided into IEDF equal parts and the 

approximate distribution function (F , F~, F) 

values are printed at each of these dividing points. 

IEDF would usually be between 10 and 100.  IEDF, 
i 

Format (13). 
I 

Next Card. Col. 1-5: 9, Format (F5.2). 

Col.6-10: X, Format (F5.2). 

Next Card. Col.1-10: SAMSIZ. The number of activity time 

configurations to be randomly selected for 

explicit consideration In each cluster analysis. 
n 

If SAhSIZ < 0 or SAMSIZ > 2 c, all activity time 

configurations will be explicitly considered - no 

random sampling will be done. Format (110). 

The nodes should be numbered 1, 2, ,.,, n with the source being number 

1, the sink being number n, and the other node numbers being arbitrary. 

The activities should be numbered 1, 2, ... In any order desired. 

Current Dimension Restrictions: 

Currently the program is dimensioned for a maximum of 

60 Activities 

40 Nodes 

25 Clusters 

25 Activities/Cluster and IEDF <_ 100. 

Example: 

The Program's input and output are Illustrated in terms of the 

network In Figure B-l. 

I ! . 
I 

■  ! 
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Figure B-1: New Subnetwork Analysis Program Example Network 
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012C07 
1 2 17.26 1«»44 
1 3 19.26 21.44 
t 5 12.76 15.91 
3 2 3.51 4.01 
4 3 .3.01 5.43 .75 
5 4 3.52 4.25 
2 7 13.75 14.48 .65 
3 6 5.05 8.43 
♦ 6 5.36 6.51 
5 6 8.78 11.44 .55 
6 7 15.76 17.21 
5 7 14.32 18.35 

00 
020 
1.        t. 

-1 
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c 
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c 
c 

100 

c 
c 
r 
c 
c 

NEW    SUBNETWORK    ANALYSIS   PROGRAM 

IMPLICIT    REAL*8    (A-H,0-Z) 
FOR    THE   SAKF   OF      IDENTIFYING   THE   APPPOPRIATE   DIMFNSIONS«    LET 

M = THE NUMBER OF  ACTIVITIES  IN THF NETWORK 
NMM = NUMBER OF  NOOES   IN THE NETWORK 
NMMP1     =    NMM    4-     1 

N    =    M   •♦■    KMM 

L = THE LENGTH OF  THE CRITICAL PATH 
C   = THE  MAXIMUM  NUMBER  OF BRANCHES   IN A  CLUSTER 
TEDF = THE NUMBER OF DIVISIONS IN THE FMPIRICAL 

DISTRIBUTION FUNCTION 

INTFGER   TAIL(    M),HFAD(    M)tASSGpP(    L,L    »tCLINCL(L .L) tEGRPCLI 

DIMENSION   NINCL(    C),INCLUS(    L. t    C).NCLINC{    L) 
DIMENS ION   FDCIROF),NLE» D(L. I EOF ),NSAVE( IFOF)fNIB(L) 
DIMrNSICN AVG(    L),THAT(L» 
DIMENSICN   L^FT(M    j.LEFTOIM    ),NONCP(M) 
DIMENSICN    INRASF(NMM),XNODE<NMM) 

DIMFNSICN    X^l (NMMPt ).yl (NMMP1 ),REDCOS(N)t ISTAT(N > 

DIMFNSION    ICRlTO(L(,NINAG(M).ICRITN(L*1).CTIMF(N>tCOT(N» 
DIMENS ION   K i(L) .IBH( L>,FLO(M ) ,FHI(M) .SIGMAIM) ,BllNV(NMMPl .NMMP1 ) 

REAL MOMFNTIL.IO) 

DIMFNc.ICN   PP(M),PO(M) I 
j 

OF    COUPSg   THESE   OI^FNSIQNS   ARE   MERELY   UPPER   BOUNDS 

COMMCN   SI INV.REDCQS.CT IME.XBI. I NBASE.HEAD.TAILtNMMP1tNMMtNtlSTAT 

COMMON    y.MPl 
INTFGER   TAIL(60 ) ,HEAD(e-C ), ASSGRP( 25,25) ,CLINCL( 25. 2S ) .FGRPI 25» 

INTEGER       SAMSlZ.PANSAM 
DIMENSION    NINCL(25) , INCLUSI25,25) ,NCL INC(25) 

DIMPNSICN   FD(100).NTB{?5) 
REAL*P    NLEFD^S.lOO.NrAVEdOO) 

DIMFNSICN    AVG(25),THAT( 25) 

DIMFNSICN    INBASP(4C) 
OTMENPIGN    XNOOfclAO) 
DIMFNSICN    XHl(41),YJ ( 41 ) .RFDCOSI1 CO ) ,ISTAT(100» 
DIMENSIGN   BlINV(41 ,41) ,KB( 2b).IBB(2 5S.FL0(60).FHI(60).SIGMA(60) 
DIMrNSICN    iCRiTPL?^) ,NI NAG(5C ). ICRITN(26).COT( 100).CTIME( 100 ) 

DIMENSIGN   LEFT(60).LEFTO(6C),NONCP(60) 

REAL*B    LAMBDA,MCMENT(25,10) 

DIMFNSICN   PP(60),PQ(60) 
INTFGFR   OPTONl,0PTON2 

M   =    THE    NUMBER   OF    ACTIVITIES 
NMM    =   THF   NUMBER   OF    NODES    IN 

REAOIS.ICM       M.NMM 
FORMAT(211» 
N=KMM'f M 

MPlsM'fl 
NMMP1=NMM+1 

THF    ACTIVITIES   ARE   DESCRIBED    IN   TERMS   OF   THEIR   NOOES 

II=THF    TAIL   NODE,    THE    ORIGIN   NODE 
JJ=T»-F    HEAD   NODE.    THE    TFRMlNAl.    NODE 

FLO    =    THti   I OWER   PUlNT 
■  .    ■ ■■ ■     ■        ■■■■■■■.■.--. ■■■...; ■   ■        ■. ■ ■   :.    ■ ..,■■■■        . ■ ■ .     . ■    .        .      , 

IN THE NFTWORK 
THF PERT NETWORK 
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C FHI    =   THE   UPPER   POINT 
C STGMA      =    (FHI   -   FLOt«DSORT<    pp«(l-pP|)   =   STD.   DEVIATION 
C PP   =   THE   PROBABILITY   OF   THF   LOWER   POINT 
C 

no   6ir   1=1 ,M 

READ(5i2EOn    II,JJ,FLO(I    ),FHI(I    ),PP(M 
PQ( I )=1 .O0-PP(I » 
SIGMA( I ) = (FHT( n-FLO( I ) )*DSORT(    PP( I )«P0< I )) 

2501       FOPMATC10X,l5.5Xtl5f    5x,F10.0.F10.0,F IC.5) 
CnT( I »3PP( I )*FLO(t)»PQ( I »»FHI( l ) 
CTIMEC I )   =   COT! I) 
TAIL<1)    =    II 

61C   HFAO( I ) = JJ 
C COT    =   THF    ORIGINAL   PIGHT-HAND   SIDES.    I.E.   THE   MEANS 
C OF   FLO   AND   FHI 
C CTIME   =   THE   CURRENT   RIGHT-HAND   SIDES 

DO   55610   I=HP1,N 
55610   CTIMF(I)    =   -. 

c 
c oPTONi  =1   IMPLIES THAT  THE PROGRAM WILL TERMINATE AFTER 

C THE   CLUSTERS   HAVE   BEEN   FORMED.      NO   BOUNDS   ON 
C THE   PROJECT   COMPLETION   TIME   MOMENTS   OR 
C DISTBIRUTION   WILL   BE   DETERMINED, 
C CPTDNl       N1T=    1       IMPLIES   THAT    THF   NORMAL   PROCEDURE   WILL   BE 
C FOLLOWED. 
C QPTONs   si       IMPLIES   THAT   THE   LQwFR   BOUNDS   ON   THE   MOMENTS 
r AND   THE   UPPER   BOUND   ON   THE   DISTRIBUTION   WILL 
C BE   CFTERMINED   USING   ALL   ACTIVITY    TIMES   OUTSIDE 

'   C THF   Cl USTFR    AT   THEIR   MEAN,       THIS    PROCEDURE    IS 
C ONLY   GUARANTEED   TO   BE   VALID   WHEN   ALL 
C (P.O)    =    ( ,5, ,5»    . 
C 0PT0N2      NOT=    1        IMPLIES   THAT    THE   NORMAL   PROCEDURE   WILL   BE 
C FOLLOWED. 
C 

RFAD(5, 77^51 )    OBTONl .OPTCNZ 
77551    FOPMATUCll) 

I=OPTON1+OPTON? 
IF(l,GE.l)    WRITE(6,77553) 

77553   FORMAT(IHl ) 
IFCOPTCNl    .EO.l)    WRITE(6.77552) 

7755?   FnPMAT( IHO. 1CX .«OPTIONl-i    AND   THE   PROGRAM   WILL   TERMINATE    AFTER   THF 
* CLUSTERS   H^VE   BFFN   FOPMED.•,/» I I X , •NO   BOUNDS   ON   THE   PROJECT   COMPL 
* ETION   TIMF   MOMENTS   OR   DISTRIBUTION   WILL   BE   DETERMINED•• ) 

IF(nPTCN2    .EQ.l)    WRITE! 6,77554) 
177554 FORMAT( IHO.1CX .•OPTlON2-I AND THE LOWER ROUNDS ON THE PROJECT COMP 

♦ETION TIME MOMENTS AND THE UP^ER BOuND ON THE PROJECT COMPLETION T 
*IME DISTRIBUTION«./.UX. «WILL Bp DETERMINED USING ALL ACTIVITY TIM 
*FS OUTSIDE THE CLUSTER AT THEIR MEAN , • ./.1IX,•THtS PROCEDURE IS ON 
*LY GUARANTEED To PE VALID WHEN ALL (P,0) = (,5. ,5) ,») 

C IEDF    =    THF    NUMBER   OF    DIVISIONS    IN   THE   EMPIRICAL 
r DISTRIBUTION   FUNCTION 

RrAn(5,100)    IEDF 
WPITE('S,?7''P) 

"  2700      FOFMAT( IHl .15X.«INITIAL    INPUT«) 
WPTTE(6.27'M ) 

2701       FORMAT ( 1H0.1PX,«ACTIVITY      ORldN TERMINAL      LOWER   POINT      UPPE»   P 
*OINT MEAN STANDARD   DEVIATION PROB.   LOWER   »T.») 

DP   ?7C4    1=1.M 
2 704       WRI TF(f, ,270?)    I , TAIL ( I ) • HC AD< I ),ELU( I» , TH I ( I ) , CT I ME < 11 . SI GMA ( IM tPP 

* ' ' ' ^^^M^.,^ ^.*w>^..... ...... -^„^..^.^^.^^^^...... ■■. ^„■.,.. B    ..,.... ^,.., 



47 
27P?       FPPMAT(1H    ,1 SX , TT.^X, I3,7X, I3.5X,F1C.4.3X.F10.4.3X,F1C.4,4X.F10.4, 120 

•14X,F6,4) 121 
'   C 122 

C 123 
c THE:   FOLLTWIN'*.   INDICATORS  APE USCD: 124; 
r 125 
C 126 
C IPAPM = I   IMPLIES THF CnlTICAL PATH TIME WHEN ALL ACTIVITY 127 
1 CDMPLFTION TIMES ARE SET EQUAL TO THFIH MEANS IS 128 
r HFING DFTtPMINFD 129 
C TPAujM = ■>        IMPLIES THAT THE LOWER ROUND ON THE COMPLETION TIME 13C 
C FOW THF SUßNFTwORK IS OF ING DETEPMIMFD 131 
C IPA-JM -    "?   IMPLIES THAT THE UPPER BOUND ON THF COMPLETION TIME 132 
C FOR THE SURNETWORK IS HFING DETERMINED 133 
C IPARM > J  WHEN INr)CXL=C IMPLIES THAT THE ASSOCIATES ARE 134 
C HEINf, DFTFRMINED 135 
C 1 36 
r 137 
C INnEXL^'        IMPLIFS   THAT    INITIAL   CLUSTERS   ARE   STILL   BEING   FORMED 138 
r IMÜEXL = 1        IMPLIhS   THAT    THE   LtFTOVERS.    THEI'»   ELIMINANTS,    AND 139 
C PDDLFn   CLUSTERS   ARE   BEING   DETERMINED 140 
C INDtXL-^       IMPLIES   THAT    THF    ?**NINCL(     )    RUNS   FCP   EACH   CLUSTER 141 
C APE    rjtflNG   MADE 142 
C 143 
C 144 
r irncp =  o   IMPLIHS THAT  THE PROCEOURE  FOR DETERMINING  UPPER 145 
r POUNDS ON THE MOMENTS OF THE NETWORK COMPLETION TIME 146 
r AND LOWER BOUNDS ON THE DISTRIBUTION OF COMPLETION 147 
C TIMFS HAS NOT BEEN BEGUN 148 
C !CRCiJ = I IMPiILs THAT THF PROCEDURE FOR DETERMINING UPPER 149 
c HOUNOS ON THE  MOMENTS OF THE  NETWORK COMPLETION TIME I50 
C AND LOWER ROUNDS ON THE DISTRIBUTION OF COMPLETION 151 
C TIMFS IS BEING INITIALIZED 152 

CONTINUE 153 
C ICBCP = ? IMPLltS THAT THE PROCEDURE FOR DETERMINING UPPFR 154 
C HOUNDS ON THE MOMENTS OF THE NETWORK COMPLETION TIME 155 
C ANO LOWER BOUNDS UN THE DISTRIBUTION OF COMPLETION 156 
C TTMFS IS BEING CARRIED CUT 157 
C 158 

'   r 159 

nt« wrt l60 

.. ii: m ^1&^ i 
DO    104     1 = 1,NMM QtUUllT    lU»*'*- t65 

104    iNf ASF( I >=M*I ft»lWl" 166 

OO   2C01    J=1.M 167 
2001 ISTAT(J»=r. 168 

DC   2C02    J=M01,N 169 
2002 ISTAT<J)=1 170 

DO \r II=J,NMMP1 171 
DO    1?   L-=l .NMMPl 172 

12   Bl INVU ,11)   =   '!. 173 
10   Bl INV( I I,1 I )    =    1 . 174 

OO    30    1=1,KMM 175 
3C    XRl(1)    =   0. 176 

XRl(NMMP1»    a    1. 177 
TOLPlsl,0D-ir 178 

M^dsu^aaawt^aAaa^^ .^.>.t..^;.^,....^ :. .„...,„..„., ■...^.„i,c,. 
179 
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c 
c 
c 

c 
350 

?8or 

22 

23 
22800 

•>4 

22n?4 

50026 
26 

27 

12 

37 
3 3 
r 
c 
c 

START    THE    SIMPLFX   ALGORITHM 

SOLVE   THE   DUAL   PROBLEM 
THE    NUMBER   OF   VARIABLES    IS    M   REAL   ♦   NMM   SLACKS 
FOR    A   TOT^L    OF   N   VARIABLES 

48 

38 

CONTINUE 
DO    23    J=1,N 
RATS   =    0, 
IF    nsTAT(J) .EO.l)    GO   TO   52800 
IF     (J.GT.M»    GO    TO   22 
RATS   =-Bl INV( l ,HEA0( J) + n+nl INV( l.TAILl J>«-1»    ♦   CTlMECJI 
GO   TO   52300 
RATS   =-F)l INV( 1 , J-M+l ) 
REnCOs(J)=   RATS 
CONTINUE 
CONTINUE 
tPMAX=l 
RMAX=PrOCOS(1) 
00    24    J=2,N 
IF(RFOCnS(J)     .LE.    '"»MAX)    GO   TO    24 
RMAX=PEOCGS(J) 
IRMAX=J 
CONTINUE 
IF(RMAX    .LE.    TOLRl)    GO   TO   401 
CONTINUF 
00   26   L = t »NMMPl 
IF    (IRMAX.GT.M)    GO   TO   5C026 
YKL)    =-Bl INV(L.TAIL( IRMAX) + l)+Bl I NV < L.HE AO( t RMAX )«■ 1 ) 
GO   TO   26 
Yl(L)    =    BUNV (t , IRMAX-MM ) 
CONTINUE 
YUl)    =   Yl(l)     -   CT I ME (I RMAX) 
NUMnER=T 
00   27   L=2.NMMPI 
IF(VJ(L)    .LE.    TOLRl) NUMBFR=NUMBERM 
IF(NUMBER    .FO.    NMM)    GO   TO   40 3 
RMINs.^PO    ?'> 
IRMlN=0. 
OO 32 II=2,NMMP1 
IF(V1( I I ).LF.    TOLRl)      GO   TO   32 
RATS   =XB1(II)/Yl(II) 
RR=RATS-RMIN 
IF(RP    .GE.    0.D0)   GO   TO    32 
RMIN=PATS 
IRMIN=II 
CONTINUE 
DO   33   J=2,NMMP1 
«N=ai!NV<IPMIN    .J)/Y1(IRMIN    I 
DO    37   L=l«NMMPl 
BlINVII   .J)=31 I NVIL.J)-WW*Y1 (L) 
BlINV<IRMTN    .J)=WW 

UPDATE   THE   BASIC    VARIABLES:     INBASE    AND   XB1 

1STAT(INBASE(IPMIN-1))=0 
ISTATIIRMAX)=1 
INBASFI TRMIN-l )=IOMAX 
WsXHUlRMIN    )/Yl(IRMIN   ) 
00   36    IM.NMM^I 
XB1 (DsXBl (I »-VH Il»i 

18( 
10% 
18 
183 
184 
18! 
18* 
187 
186 
189 
190 
191 
1921 
193! 
194! 
193 
196; 
197J 
19« 
199J 
200 
201 
202 
203 
204 
2081 
206 
207 
208 
209 
219 
211 
212 
213] 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
23* 
23S 
236 
237 
238 
239 
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r 
c 
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CHECK   YOUR   INPUT   DATA 

XBKIPMIN    ) = «- 

GO   TO    150 
WRITE(6,530) 
FORMAKIHO.SX.'NO   FEASTBLF   SOLUTION   EXISTS« 

WRlTE(6«e5C) 
FDRMATCIHl» 
GO   Tfl   999 

END   HF    THE    SIMPLEX   ALGORITHM 

CONTINUE 
IF( ICBCP.EQ.l )    Gtl   TO   6C08 
IF( INDExL.EQ.? )   GO   TO    3204 

KKK=    THE   NUMBER   OF   NODES   ON   THE   CRITICAL   PATH 
KH(L)=    THE   L-TH   NODf     IN   THE   CRITICAL   PATH.    COUNTING   BACKWARDS 

FROM   THE   TERMINAL   NODE 
KKB=   THF    NUMBER   OF    ACTIVITIES   ON   THE    CRITICAL   PATH 
IBB(L)=   THE   L-TH   ACTIVITY   ON   THE    CRITICAL   PATH,   COUNTING 

BACKWARDS   FROM   THE   TERMINAL   N1DE 

CONTINUE 

INBASE    IS   A   SET   OF   M    INTEGER   VARIABLFS    WHICH    INDICATE   THE 
COMPOSITION   OF   THE   CURRENT   BASIS*      FOR   EXAMPLE, 

INRASEIK)    =   7       IMPLIES   THAT    THE   K-TH   COLUMN   IN   THF   BASIS   B 
CORRESPONDS   TO   THE    7-TH   VARIABLE 

TSTAT    INDICATES   THE    BASIC    STATUS    OF   EACH   VARIABLE 
ISTAT(K)    =   t       IMPLIES   THAT   THE   K-TH   VARIABLE   IS    IN   THE 

DUAL   BASIS 
ISTAT(K)    =   0       IMPLIES   THAT   THE   K-TH   VARIABLE   IS   NOT    IN   THF 

DUAL   BASIS 

THE   FOLLOWING   STATEMENTS   DETERMINE   THE    NODES   AND   ACTIVITIES   ON 
THF   CRITICAL   PATH 

THE   DUAL    SOLUTION   IMPLIES   THE   FOLLOWING   OPTIMAL   SOLUTION   TO   THE 
PRIMAL    PERT   PROBLEM,    HOWEVER   SOME   OF   THE   NODE   TIMESIOTHER   THAN 
THE   LAST   ONE)    MAY   BE    HIGHER   THAN   NECESSARY,       THUS   IN 
OFT^RMTNlNG   THE   CRITICAL   PATH   AN    ALTERNATIVE   OPTIMAL   SOLUTION 
MAY    HAVF    TU    BE    IDENTIFIED. 
B1INV    IS   NOT   CHANGED. 

DO   R 3C 0 2    I T: 1 , N MM 
XNCOEII)=BlTNV<1.1*1» 
KKK«1 
Kö(1»-NMM 
|KaKS(KKKI 

24 
241 
242 
24i 
244 
24« 
246 
247 
248 
249; 
250; 
251 
252 
253 
254 
255 
256 
257: 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 

OETFRMtNE   WHETHER   THF   TIME   TO   REACH   NODE IK 
AS   LARGE    AS    INDICATED   FROM   THE   DUAL   SOLUTION 

SMINs999999. 
ISMIN=0 
DO   H1C00    1 = 1.M 

-niBliHii-|iHttii'Mli-lli--i« 

IS   NECESSARILY 

..^.^.■■^..U—..-^„■--,..>—..t,...^...;.»--.,.,^.^^ narnKWi^nf II frlllltiiTillilllltmiiimiWiilihrt-ii 

278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
29S 
296 
297 
298 
«99 
  -LJ 
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tF(HFAIJ( 1» .NF. IK)   GO   TO   83000 
fill ACK=XMnnE(HFAD( I ) )-XNOOt(TAU 
IFCSLACK.GE.SMtN)   GO   TU   83000 

ISMIN=I 
83000   CONTINUF 

IF(SMIN.LT.0.Or01)    GO 

I ))-CTIMEt n 

c 
c 
r 

8 300^ 

TO   83003 

THF    TIMP   FflP   NODE    IK   WAS   UNNECCESSA* ILY   LARGE 

XNOOMiK) = xNnnp( IK)-SMIN 

KKK=KKK-1 

GO   Tn   8 300J 
IRP(KKK)=ISMIN 

KKKsKKK+l 
KP(KKK)=TAIL(ISMIN) 
IF(TAIL( ISMIM) .GT.l ) 

KKR-KKK-1 
IF( INDEXL.FO.t )    GO   TO   3121 
IPAPW=!PARM>1 

rF(TPARM.Gr.4)    GO   TO 
IF( IPAtJV.EO. 3 )    GO   TO 
IF(TPARM.F0.4)     GO   TO 

GCt   TO   83001 

211C 

6400 
6401 

r 

r 

C 
r 

ICPITP(L)=    THr:   L-TH   ACTIVITY   ON   THF    ORIGINAL   CRITICAL   PATH 
Kfan=r    THE     NUMRER   DF    ACTIVITIES   ON   THF   ORIGINAL   CRITICAL    PATH 

TOTAL    =    RlINV(1.KMMPl) 
KrPe=KKq 

ICFITNC1)     =    NMM 
On    280 2    I=1,KCPH 
ICPITN(1+1)     -    Kt(1*1) 

?802       ICPITPI I >aI8B( I J 

XsTOTAL 
WPITF(6,851 )    X 

851 FCpVi4T( IHCSX , • THF   CPJTICAL    PATH   TIME 

*TION   TIMF    IS    SFT   EQUAL    TO   ITS   MEAN   IS   = 
WpITF^.TftOiS )    KKK 

7606   FOPMAT( IH0.10X .«THP    •«Ij,«    NODES   ON   THF 

*WP   RFC INNING    WITH   THE    TERMINAL   NOOF: • » 
WR!TE(6,7707>     (KR(I ) . 1= 1 ,KKK» 

7707   FOPMATI 15X,20( I 3.«,' )) 
*PITF<6.771 I)    KKO 

7710      FORMAT!IHo.lox.'THE    «.IS,»    CRITICAL    ACTIVITIES   ARE   AS   FOLLOWS   HEGf 

♦NNING  ^ITH THE  TERMINAL  ACTIVITY:«» 
WPITF(6.77n7»     ( IBB( I ) ,1=1,KKB» 

RFAn(?>,2<?20)    THFTA,LAMBDA 

2920 FORMATC2FE.2) 
WRITE(6,3C71)    THFTA.LAMJDA 
FrP«AT(IHO.IOX,•THFTA       -    •«ElScS«« 

WHEN   EACH   ACTIVITY*'S   COMPUE 
=    «.DIS.S) 

CRITICAL   PATH   ARE   AS   FOLLO 

3071 
r 
c 
r 
r 

r 

C 
c 

L AMBOA .E1S.S) 

?AMSIZ = THE NUMBER OF ACTIVITY TIME CONFIGURATIONS «O BE 
PANOOMLY SELFCTED FOR CONSIDERATION IN EACH CLUSTER 

NOTE:  SINCE THIS IS A RANDOM SAMPLE t SOME PERCENTILF 
C.OMRI NAT IONS MAY BE CONSIDERED MORF THAN ONCE. 

REAO i'3t32'>c*)    SAMSIZ 
3209 FORMAT (110) 

■ 

300 
30 Ij 

302 

303 
304 

305 

306; 
307; 
308 

309' 
310 
311 
112 

313 

3141 

315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
3 SO 
351 
392 
353 
354 
395 
396 
39T 
390 
39« 
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C                        THF   CCMPLFTION   TtME   FOR   ALL    ACTIVITIES    IS   SFT   TO   THEIR   LOWFR 36C 

C                        PERCENTILF.       THF   RFSULTING   CRITICAL   PATH   TIME   IS A   LOWER                                      361 
C                  N      ROUND   ON   THF    FX^FCTFD   CRITICAL   PATH   TIME. 362 
C 3635 

OO    6402    I-1,M 364 
640?   CTIMr(I)    -    FLO(I) 365 

CALL   BINVA(&28eO) 366^ 
6400      CPLR=   fl1INV( 1 tNMMPl) 367; 

WPITF(6.64C'i)    CPL^ 368; 
ft4n5      FORMATUHO ,5X , • A   LOWER   BOUND   ON   THF   EXPECTEO   CRITICAL   PATH   TIME    IS 36?' 

* = »tFlS.S) 370 
VKRITECö ,7606) KKK 371 
I«PITF{6,7707) (KB( I ) .1 = 1 «KKK > 372 
WRITF(0,7710) KKO 373 
WPITE(6,7707)    ( IHB( I ) ,1 = 1.KKB) 374 

C 375 
r.                        THF    CCMPLFTION   TIMF   FOR   ALL    ACTIVITIES    IS   SFT   TO THEIR   UPPER                         376 
C                         PFPCFNTILF.       THF   RFSULTING   CRITICAL   PATH   TIMF   IS A   UPPER                                     377 
c                  nnuNa ON THE   FXPECTI D CRITICAL PATH TIME, 378 
C 379 

OO   e4C6    I=1 , M 380 
64C6   CTlMFdl    =   FHKI) 381 

CALL   HINVA(S.?flCO) 382 
6401    CPUH=    Bl INVI 1 ,NMMP1 ) 383 

*DTTF{6,f409)    CPUB 384 
6409      FORMAT(IHC,5x.'A   UPPER   BOuND   ON   THE   EXPECTED   CRITICAL   PATH   TJMF    IS 385 

* = «.El 5.5» 386 
WRITE!6,7606) KKK 387 
WRlTE(6,7707) (KB( I ),I- 1 ,KKK) 388 
WPTTP(6,7710) KKR 389 
«»RTTF( 6,7707)    ( tBB( I ) , } = l , KKB ) 390 

C 391 
C                        FD(I)    =   THE   LOWFP   BCUND   ON   THE   EXPECTEO   CRITICAL PATH   TIME                               392 
C                                                PLUS    1/IFDF   OF   THF   DISTANCE   TO   THE   UPPFH BOUND                                           393: 
C                        NLEFO(ln,I)    =    THE   SliM   OF    (THE   CRITICAL    PATH   TIME FOR   A                                           394 
C                                                                  CONF-K.URATION   *   THE   PROBABILITY   OF THF                                                 395 
C                                                                  CONFICURATION          WHFN   THE   CRITICAL   PATH   TIME    IS 396 
C                                                                  <=    FD(I)    )    *    (THE   NUMBER    OF   POSSIBLF 397!     j 
C                                                                  CONFIGURATIONS)    /    (THE    SAMPLE   SIZE) 398 
C                                                                  FOP   THE    IR-TH   CLUSTER 399 1    \ 
C 400 
C                        FD   AND   NLFFD    ARE    USED   TO   BUILD   AN   »EMPIRICAL'    DISTRIBUTION   OF 401 
C                        THE   CRITICAL   PATH   TIMES 402   . 
C 403 

C=(CPUB-CPL3)/IEDF »04 
DO   6412   K=1,KCPB 405 
DO   6412    l=l,IEOF 406 
FD( I )=CPLH*I*r ♦C7 

6412       NLEFD(     K,I)-=0.DO 408      ' 
C 409     , 
C                        THE    ASSiTCIATF   GROUPS   ARF    NOW   FORMED 4|0 
C ♦>» 

WPTTE(6,3165) 412       | 
ilf5      FOPMAT(1H1,5X,«THE   ASSOCIATES    ARF   NOW    IDENTIFIED:«) 4|3 

IIIII=l ♦»♦ 
DO   ZB?"!    1=1 ,M 415 

2825      CTIMF( I )=CaT(I ) 416 
IWWInO=ICRITP(l ) 417 
CHANG=   LAMHDA*SIGMA(IWWWO) 418 
TFX=COT(IW*WQ)-CHANG 419 

.  ■.  ■ . ■   ■       ■■-■       ■ ■. ..         ■■       . -      ■■■..■     ■.■:.,      ■   ■ . ■           ... 
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52 
IF(TFX 

CTIMFC 

CALL P 
2BC1       CONTIN 

1F(1ST 
MWWWO) 

RFOCOS 
22825 CTIMF{ 

lMtnWO= 
CHANG= 

TPX = CC1 
IF(TFX 

CTIME( 
IF ( IS 

MHWWO) 
RFDCOS 
r,n TO 

.LT.r.C)    CHANG=COT<II»l«WQ) 

I«iWWO)=CnT( IWWWQ)-CHANG 
iNVA(e2flro) 
UE 
AT< IlrtWWQ) .EQ. 1 )    CALL   8 INV 1 ( &22e2S«cnT( I WMWQ» • CTT ME( IWWWOI * 

(1***0)    =   PEDCQS( IWWWQX'CnTdWWWQt-CTlMEt IWWWQ) 
II»WWO>=COT( IWMWO) 

ICPITP(I IT I I» 

LAM30A4>SIGMA( IWWWO) 

T( IKWVKO)-CHANG 

• LT.OO)  CHANG=COT ( I»(WW0» 

I WViHl(0)=cnT( IWWWQJ -CHANG 
TAT( IMWWQ) .E3 .1 I    CALL   B I Ny I ( &221C0 , CTI MEt I WVKWQ ) tCOT( f WWWO ) t 

( I«(WWQ)-PFnCOS( IWWWQ»-CnT(H*WWQ)*-CTlME( IWMWO) 
■>?B00 

4 20 

421 
422 
423 
424 ; 

425 
426 
427 
428 

C 
C 
c 
29lf 

3913 

2912 

?gl6 

?fi!0 

C 
C 

c 
c 
c 
c 
c 
c 
c 
r 
c 
c 

c 
r 
r 
r 

C 

OFTFPMINF    ASSOCIATE    r.POUP 

NINAG(I 
OD 2911 

KK-1 
IF(inR( 

IF(KK.C 

KK=KK+t 

GO TO 2 
NINAGCI 
ASSGPP( 

CONTTNU 
»(PITF( S 
FORMAT( 

♦ t_TH C.R 

IDUCK^N 
IF(IOUC 
«PiTE(6 

FORMAT ( 
»WS« t/t1 

I IIII=I 
IF( I II I 

I II I»sO 
K=J,KKH 

K) .EO.ICPITP{KK) ) GO TO 2911 
E.KCPT) GO Tfl 2^12 

91"? 
I I£I ) = NINAG( I I I I I )♦! 
Ill TI ,NINAG( II II I n=IBR{K) 
E 

.2915) if II I , ICPlTPdII IDtNINAGC T MID 
IHf, .l^X, «THE NUMUFR OF ASSoCIATF". ASSOCIATFD WITH THE ',13, 
ITIcAL PATH ACTIVITY. I.E. ACTIVITY «.Tj,«, IS = «.IS» 

INAGI I I I I T ) 
K.F.3.0 ) GO TO 28 I C 
.2916 1     <ASSGPP<I 1 III.I),t*I. IDUCK ) 
IHO.l-äX, »THE    ACTIVITIES    IN   THE   ASSOCI*TF   GROUp   *RE   *S   FOLLO 
"iX.SOI I ^. • . • I ) 

1111*1 
I.LP.KCPfl)    GO   TO    280 1 

OETEfiMlNE    THE   CLUSTLRS 

THF   CLOSTFRS    ARF   POOLED   TOWARD   THE   TERMINAL   NODE 
NCLUS   -    THF   NUMOER   OF   NON-EMPTY   CLUSTERS 

NINCL(I)    =    THF   NUMBER   OF   ACTIVITIES    IN   THE    l-TH   CLUSTER 
INCLljSd.J)    =    THE   J-TH   ACTIVITY   IN   THE    I-T-l    CLUSTER 
NCLINC(I)    -    THF    NUMBER   OF   CLUSTERS   COMPRISING   THE    I-TH 

Cl USTFP    AFTF"?   POOLING 

rLINCL(I.J)    =   ThE   J-TH   CLUSTER   WHICH   HAS   REEN   POOLED   INTO 

THF    I-TH   ClUSTCP 

NCLINC AND CLINCL HELP KFFP TRACK OF WHICH CLUSTER THE 
CRITICAL PATH ACTIVITIES ARE IN 

RFLO* FORMS CLUSTERS BY PUTTING EACH CRITICAL PATH ACTIVITY IN 
SEPARATE CIU5TFP AND THFN ADDING EACH CRITICAL PATH ACTIVITY'S 
ASSOCIATES TO ITS CLUSTER 

429 
4 30 
431 
432 
433 
434 
4 35 
436 
437 
438 
439 
440 
441 
4 42 
443 
444 
445 
446 
447 
448 
449 
450 
451 
452 
453 
454 
455 
456 
457 
456 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
4 70 
471 
472 
473 
474 
475 
476 
477 
478 
479 

; 
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' 

3031 
30?0 

c 
c 
c 

?JC3l 

30 ?5 

3C27 

30?« 

30 23 

3P30 
r 
c 
c 

303'' 

NCLUS=KCpa 

DO   ^O?-)    T=t,KCPB 
NCLINC(I)=1 
CLINCL(1,1 »=I 
NINCL( I )    =NINAr.( t )♦! 
INCLUSt 1,1 ) = ICr>ITD{ I ) 
IT(NINAG( I ) .FO.O»   GO   TO   3020 
IOUCK=NIKCL( I ) 
OP    30 2 1    J=2,1 DUCK 
JJ=J-l 
INCLUM I,J)=ASSGRP( I, JJ» 
CONTINUE 

RFLnw   POOLS   CLUSTERS    FORMED   FRCM   ASSOCIATES 

T A = r 
IA=IA*1 

IF( lA.CF.KcPU)    GO   TO    3C 3C 
IF(NC.I us.ro. i )  r.n TO  3C30 
inTA=NlNCL(IA) 
IF(IDIA.FO.OI    GO   TO    30 3 1 
IAA=IA>1 
on  Tr?3  n = iAA.KCPU 
IDTI=NINCL(I I ) 
IF( 101 I .FO.O)    CO   Tn    3C23 
OO    -3025    |sl,IDlA 
on  3r25 J-=I . roil 
IF ( INCLUiS( I I . J) .EQ, INCLUS( IA, I ) )   GO   TO   30 27 
CONTINUE 
GO   TO    3 523 
NCLU5=NCLUS-1 
00    30?«   J=l , 101 I 
Dn   3020    T=l.IDIA 
IF( INCLUS( I I.J).FO.INCLUS< IA,I > )    GO   TO   3028 
CONTINUE 
NfNCl ( I A) = NINr.L( IA) ♦! 
INCLUS( IA,NINCL( TA)     ) = IMCLUS( I I,J) 
CONTINUE 
NINCL(I I) = 0 
NCLINC(IA)=NCLINC(IA)*l 
CLINCl(TA,NCLlNC<IA))   =     II 
NCLINC( IDS'» 
CONTINUE 
GO   TO   3131 
CONTINUE 

HFl 0^   OESCRIB-S   CLUSTERS   AFTFR   POOLING   BASED   ON   THF   ASSOCIATES 

NONEMPTY   CLUSTERS   AFTER   POOLING   0 

3035 

WPITEIfi,3C33)    NCLUS 
FOPMAT(1H1 ,10X,«THERE   A 'F    ,.I3,1 

*N   THE   FiASIS   OF    ASSOCIATES    QNLV.«) 
I 1=0 
DO   303*    I=1,KCPB 
IF(N1NCL(I>.FO.C)    GO   TO    3034 
II=ITM 
IRIJCJ=NINCL( I ) 
«(PITE(6,3C3'5)       I,(INCLUS(I,J).J=»,IOUCJ) 
FOPMAT(IHO.IOX.'THE    ACTIVITIES    IN   THE   •,I3,«-TH   CLUSTER   ARE   AS   FOL 

*LOHS:« ./.isx.^ri« 13« *.' ») 
CONTINUF 

48l| 
482; 
483 
484 
48 Si 

4 86 
487 
488 
489 
4<»o; 
491 
492 
493; 
494 
495 
496 
497 
498 
499 
500 
501 
502 
503 
504 
50 5 
506 
507 
508 
509 
510 
511 
512 
513 
514 
515 
516 
517 
518 
519 
520 
521 
522 . 
523 
524 
525 
526 
527 
528 
529 
530 
531 
53? 
533 
534 
535 
536 
537 
538 
S39 
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I 
i 

5A 

r 
c 
c 
c 
r 
c 
c 
r 
c 
r 

DE<;CRIflFS   WHPRF   EACH   ACTIVITY   IS    HEFORR   ELIMINANTS    ARE 
CnNSIOP^FO 

FXAMINF   EACH   ACTIVITY    AND   DETERMINE   WHICH   CLUSTER.IF   ANY,    IT    IS 
IN. 

LEPTU)    =   o       IMPLIES   THAT   THE   I-TH   ACTIVITY    IS   NOT   IN   ANY 
CLUSTTR 

LEPT(I)    =   J       IMPLIES   THE    I-TH   ACTIVITY    IS   IN   THE   J-TH 
CLUSTER 

WPlTE(ft,3104) 
3104       FnPMAT( iHOttOXi• THE   CLUSTER    TO   «HICH    EACH    ACTIVITY    BELONGS: './. »SX 

•••tZEPn    IMPLIES   THAT   THE   ACTIVITY   IS    NOT    IN   ANY    CLUSTER)«J 
DO    31P1     I=1.M 
LE^Td »-r 
DO     ^jr2    J=I.KTPR 
IF(NINCL(J).FO.O)    GO    TO    3102 
inuCK^NINCL(J> 
DO    3110    K=1,IDUCK 
IF( I .FO.INCLUS(J.K))    GO   TO   3107 
CONTINUE 
CONTINUE 
GO    TO    3101 
LEFT(I)=J 
*RlTE(6,3n3)     I,LEFT(I) 
FOPMAT(lH    ,l5X,tTHE    • ,I 3,•-TH   ACTIVITY   IS    IN   THE    VM.'-TH   CLUSTER 

*• ) 
INDFXL-I 

3110 
3ir2 

3107 
3101 
3103 

C 
C 
r 
c 
c 
c 
r 
r 
c 

3122 

3123 

3323 

i C 

C 
I c 

c 

Li 

LEFTOVERS    ARE   ACTIVITIES   NOT    IN   CLUSTERS   AFTER   ASSOCIATES   HAVE 
HFFN   CONSIDERED   BUT     lEFOHE   ELIMINANTS   HAVE   BEEN   CONSIOERFO 

DETERMINE    THE   NUMBER    QE   LEFTOVFRS.    NLEFT 
LEFTO(L>    =   J       IMPLIES   THAT   THE   L-TH   LEFTOVER    IS   THE   J-TH 

At  TIVITY 

NLEFT=? 
DO    ?1?2    J=1,M 
IF(LFFT( J),NF.O»   r,0   TO    312? 
NLfcFT=NLEFTM 
LEFTC(NLFFT)-J 
CONTINUE 
WRITE!C,3125 I    NLEFT 
FORMAT   ( IHO.iox.«THERE  ARE  «.13.«  ACTIVITIES NOT  IN ANY CLUSTER YE 

*T.« ) 
*RITE(e t3323) 
FORMAT! IH1 .«SX, «THF ELIMINANTS OF EACH NüN-CRI T I CAL-PATH ACTIVITY A 

*RF   NOW  OETERMINED:«) 

ELIMINANTS FOR FACH NON-CRI T IC AL-PATH  ACTIVITY ARE NO*» 

DETERMINED 
NNNCP  = THE  NUMF'FP OF  ACTIVITIES NOT  ON  THE  CRITICAL  PATH 
NONCP(LE) = THE  LE-TH ACTIVITY NOT ON THE CRITICAL PATH 

KNNCP=»«-KCP^ 
LF=r 
DO SOPO 1=1.M 

S4C 
541 
54? 
54 3 
544 
545 
546 
547 
548 
549 
550 
551 
652 
553 
554 
555 
556 
557 
558 
559 
560 
561 
562 
563 
564 
555 
566 
567 
568 
569 
570 
571 
572 
573 
574 
575 
576 
577 
578 
579 
580 
581 
582 
583 
584 
585 
586 
587 
588 
589 
590 
591 
592 
593 
594 
595 
596 
597 
598 
999 
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J=l 

5001 IFCI .EQ.ICHITPfJ)l   GO   TO   5000 

J = J*1 
IP(J.LE.KCPB»    GO   TO   530 1 

5002 LFaLr+l 

NONCP<LE)=I 
500«"        CONTINUF 

»»PITF(6,5005)    NNNCP 
5005 FORMAT (IHOOSxt* THERE   APF    «.la,«    ACTIVITIES   NOT    ON   THE   CRITICAL   PA 

*TH,       THFY    A4F    AS   FOLLOWS:») 

IFINNNCP.FC.O)    GO   TO    3124 
on   5006   1=1,LF 

5006 WRITF( 6,«;C07)     I.NONCPd) 
5007 FORMATUH    ,15X,I3,«. «.IS) 

IFINNNCP.FO.O)    GOTO    312A 
LF=n 

3126      LE = LF«-1 
IF     ( ISTAT( IWWWO) .F3.1 >    CALL   B INV 1 ( 623 1?7, COT( IWWWQ» ,CT IME( I WIKWO ) . 

«tWMWOl 
PFDCPS    UWWWO)    =   RFDCOS( IWl*»(Q)-CTIME( IW\«WO)*COT< IWWWQ) 

23127   CONTINUE 

CTTMEI IMMWO)    =   COT( IWWWO) 
CTIME(NCNcP(LE1)   =   COT(NONCP(LE I )    ♦   THFTA*SIGMA<NONCP«LE ) ) 

IF    (ISTATCNHNCPILE) ).EQ. 1 »    CALL    BINV1(&7756«CTIME(NONCPILE)). 
* COT ( NCNCP(LF» ).N3NCP(Le ) ) 
RFDCOf.lNCNCPtLE) ) =RFDCOs < N0NCP( LE ) )-COT ( NONCP (LF ) ) ♦CT IME ( NONCP( LE 1 

*) 
7756 IWWWQ = NCNCP(LE) 

WRI ^(6,315?)    NONCP(LF) , CT I ME( NONcP( LE ) ) 
3152      FOPMAT(1HC,///,    5X.1THC   COMPLFTION   TIMF   FOR   THE    •«13,•-TH   ACTIVITY 

• HAS    HFEN   CHANGED   TO    «.ElS.Sl 

GO   TH    328fC 

CONTINUE 3121 
r 
r 

c 
r 

c 
c 

C 
c 

OFTERMINE   THF   FLIMINANTS   OF   THE   LE-TH   ACTIVITY   NOT   ON   THE 

CRITICAL   PATH 
NF =   THE   NUMBER   OF   FLIMINANTS   FOR   THE   LE-TH 

ACTIVITY    NOT   ON   THF   CRITICAL   PATH 
FGRO(J) =    THF    J-TH   FLIMINANT   FOR   THF   LE-TH   ACTIVITY 

NOT    ON   THE   CRITICAL   PATH 

...... fi}«ass atiM u» 
NF=r 

OO   31^0   K=l.KCPB 
OO    3131     1=1.KKB 
IF( IRFM I I.EO.IC»ITP(K ) »    GO 

3131        CONTINUF 

NE=NE+1 
FGPP(NF)=ICRITP(K) 

313C       CONTINUE 
WPITFI "5,31 33)    NE.NlNCPlLF» 

3133      FOpMAT( IHO.IOX.'THERF   ARE   «tlS.»   FLIMINANTS   CORPESPONOING   TO   ACTlV 

*ITY    •.I 3) 
IF(NE.EO.O)   GO   TO   3171 

DO   31^5   K=1,NE 
3135 «RITE! 6,31 36»    K , NflNCP Cl t » , tGRP ( K ) 
3136 rORMATIlH    .14X,'THE    •♦I3.»-TM   FLIMINANT   C0P9FSPON0ING   TU   ACTIVITY 

*«,I3.'     IS    ACTIVITY    •«III 

C 
C DFTERMINF WHETHFP NONCPCLE) IS AN ASSOCIATE 
C JA a 1   IF NONCP(LF)  IS AN ASSOCIATE 

600 
601 
602 
60 3 
604 
60S 
606 
607 
608 
609 
610 
611 
612 
613 
614 
615 
616 
617 
618 
6lq 
620 
621 
622 
623 
624 
625 
626 
627 
628 
629 
630 
631 
632 
633 
6 34 
635 
6 36 
637 
638 
6 39 
640 
641 
642 
643 
644 
645 
646 
6*7 
648 
649 
650 
651 
692 
»53 
6S4 
»95 
656 
6S7 
f 58 
659 
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r 
r 

C 
C 
r 

5010 
r 
c. 
c 
r 

sol i 
c 
c 
r 

T1«3 

3184 
31^2 
3171 

r 
r 

c 
c 

1171 

jA = 2  IF NONCPCLE)   IS NOT AN ASSOCIATE 

K=NCNCP(LE) 
JA=1 
IF(LFFT(K) .f?0.^» JA=2 
IF(JA.RQ.?) GO TO 5010 
IT=LFFT(K) 

THr    IT-TH   rLUSTER    IS    FXPANDFD   TD    INCLUDE   ELIMINANTS 

GO   TO   5111 
CONTINUE 

ITTTT    IS   THE   ACTIVITY    NUMBFP   OF   THE   FIRST   FUIMINANT 
IT    IS   THE   CLUSTER   Tn    WHICH   THE   FIRST   ELlMINANT   CURRENTLY   BELONG 

lTTT=rGRF(1) 
IT=LEFT(ITTT) 
LFFTiNPNCOILE))=IT 

THE     IT-TH   CLUSTER    IS    EXpANDLO   TO    INCLUDE   FLlMlNANTS 

NINCLC IT)=NINCL< IT)+1 
tNCLU5( IT,MNCL( IT) )=NCNCP(LF) 
lF(NE.!r0.1 »    Gfl   TO   31/1 
DO    3172    J=JA,NF 

IU    IS    THE   ACTIVITY    NUMBER    OF    THE    NEXT    ELlMINANT 
IF    IU   IS    IN   CLUSTER    <,    THFN   CLUSTER   K    IS   POOLED INTO   CLUSTER    IT 

IU=EGRP(J) 
K=LFFT(IU) 
IF(IT.EO.K)    GO   TO   3172 
NCLUS=NCLUS-1 
1W=NCLlNC(<) 
DO    31«1    IA = 1,I«( 
LFFT(ICRITP(CLINCL<K, IA » )» = IT 
NCI INc( IT)=NCLINCC1TI♦1 
CLINCL{ IT.NCLINC(IT))=CLlNCL(K, I Al 
NCLINC<K) = 0 
II*=MNCL(K) 
NINCLfK )-=A 
OO    31S4    IA=1,TM 
LFFT(TNCLUS(K,IA)»=IT 
NINCLI IT ) = NINCL( IT» ♦• 1 
INCLUSI IT.NINCLdT» ) = INCLUS(K, I A) 
CONTINUE 
CONTINUE 
IF(LF.LT.NNNCO)    GO   TO    3126 

FND    OF   POOLING   BASED   ON   ELIMfNANTS   FXCEPT   FOR   THE   FOLLOWING 
DESCRIPTION 

WRITF(6,3173)    NCLUS 
FOPMATdHl tOSX.'THERF   ARF    «.IS,»   CLUSTERS.«» 
DO   3176    I=1.KCPB 
IF(MNCL( H.EO.0»   GO   TO    3176 
IDDsNlNCLU ) 
WRITF< ^,31 74)    NlNC(. ( I ). I •( I NCLUS ( I . J » . J«! . IDD » 

«.n.«   ACTIVITIES   IN   THE   ».M.'-TM  CLU5T 

i 

FORMAT! JHO.IOX i« THERE API" 
.:  ... ..■ 

660 
661 
662 
663 
664 
66S 
666 
66 7 
668 
669 
67C 
671 
672 
673 
674 
675 
676 
677 
678 
679 
680 
681 
682 
683 
684 
685 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
T05 
706 
707 
708 
709 
710 
7J1 
712 
713 
71* 
715 
716 
717 
718 
71« 

i. 
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*EP.       THEY   ARE    AS   FOLLOWS:»,/,2CX,50(13.•t')I 
IDUCK=NClINC(I) 
VfllTF(h,3lTi)    NCLINC( I ) . (CLINCL (I,J) tJsl.IDUCK) 

1175      FORMAT< 1H0,15X,13, •    CLUSTERS   HAVE   RFEN   POOLFO   TO   MAKE   THIS   CLUSTER 
*.    THPY    *ERE    AS   FOL.OWS:• ./t20X,50< I 3,• . • )» 

3176       CONTINUG 
IF    (SAMSIZ.LE.O)    WRITE(6,6045) 
IF    (SAMSIZ.GT.C)    WR!TF( 6«6056)    SAMSI 2.SAMSI Z 

6056   FOrMAT(    5xt•    THE   FOLLOWING   TABLES   WFRE   OETERMINED   CONSIDERING   AT   M 
♦ OST    ',IH,'    ACTIVITY   CONFIGURATIONS   PER   CLUSTER.•«/. 11X.•IF   THERE   A 
• RE    NO    MOPE    THAN    •, I 1, •    ACTIVITY   CONFIGURATIONS    IN   A    CLUSTER,•,/,I I 
*X,»THFN   ALL   ACTIVITY   CHNFlGURAT IONS    ARF   EXPLICITLY   CONSIDERED,    AND 
* NO    SAMPLING    IS   DONF.'l 

6045   FORMAT    (5X,«    THE   FOLLOWING   TAÜLCS   WERE   DETERMINED   CONSIDERING   ALL 
* ACTIVITY   CONFIGURATIONS,') 

C 
c 
c 
r 

..■"APNING: THE 
-<U  SYSTEMS. 

SYSTFM SUBROUTINE 
XRAN NEFOS TO BF 

CLOCK MAY NOT BE 
A RANDOM SEFD. 

A   PART   OF 

CALl     CLOCKIXRANI) 
IYUTS    =    XRAN 
WPITF    (6.3238)    IYUTS 

3?38   FORMAT     (INT.5X,«THE    INITIALIZATION   PARAMETER   FOR 
*Y    =    • . I 1C ) 

ANY   SAMPLING   IS   I 

r 
C 
c 
r 
3124 

C 
r 
c 
C 
c 
c 
fioofl 

17701 
87701 

3 20 0 

6031 

«>101 
3310 

r 
C 
r 
r 
c 
c 
r 

STATEMENT   NUMRF^   3124    MARKS   THE   END   OF   POOLING   CLUSTERS   BASED 
ON   LFFTOVERS    AND   ELIMINANTS 

CONTINUF 
IF(CPTCN1 .EQ.I)    GO    TO    ^»99 

THE    FINAL   CLUSTERS   HAVE   NHW   BEEN   DETERMINED 
THF    ?**NINCL(I)    RUNS    ARF   NOW   MADE    FOR    ALL    I    WITH    NINCL(n>C, 

IF ( ICBCP.EQ.l )    irBCP=? 
TNDFXL=2 
IF(CPTON2 .EO,!» GO TO «770 1 
IF(ICBCO.EO.?) GO TO 877C1 
DO 17701  T=1.M 
COTd ) =FLO(I ) 
CONTINUE 
tR = r 
IR=IR-f 1 
IF<ID,GT.KCRB) GO TO 3208 
IF(MNCL( IP) .EO.O» GO TO 3230 
On 6031 1=1,10 
MOMENT! IR,I ) = 0 .03 
DO <S1C1  I = l,lEr)F 
NLFFDI IR, I ) = '".00 
IP = C 
NIB(TP)=r 

NIB 
NSA VE 

JL *.i~s.-M*ja±t*~>a*m 

NUMBER OF ACTIVITY CONFIGURATIONS IN THE SAMPLE 
VECTOR CONTAINING THE UPPER BOUNDS ON THE NETWORK 
CPMPLETION TIME DISTRIBUTION TO BE AVERAGED WITH THE 
LOWER BOUNDS ON THE NETWORK TO YIELD THE AVERAGE NETWORK 
CCMPtFTION TIMF DISTRIBUTION* 

h^nlnnli^»i^'-'^-'^"-"•■»^"^«-,'--■:^■-'^—^a....j..:..-M-jMji.^^^....^.^i.^^^ 

I 

72C 
721 
722 
723 
724 
725 
726 
727 
728 
729 
730 
731 
732 
733 
734 
735 
736 
7 37 
738 
739 
740 
741 
742 
743 
744 
745 
746 
747 
748 
749 
750 
751 
752 
753 
754 
755 
756 
757 
758 
759 
760 
761 
762 | 
763 
76« 
765 
766 
767 
768 
769 
770 
771 
772 
773 
774 
775 
776 
777 
778 
77« 
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r 
c 
c 
c 
r 

372? 

C 
c 
r 
r 

603? 

<J<»00 

64?C 

I00r J 
20oor 

r 
c 
c 
c 

20500 

621 0 
621 J 

20501 

r 
c 
c 
c 

ir=NINCL(IR) 

IR=?**NINCL(IR) 

IDOALL    =   1    MFANS    ALL   ACTIvrTV    CCNFIGURATIQNS   ARF   EXPLICITLY 
CnNSIOERE^, 

IDCAUL    =   r    MFANS   TU   SAMPLE. 

IOOALL=1 

IDOALL     =   0 

IF    (SAMSI 7.LF.C.OR.SAMS I/.GE.IB) 
DO    3??2    I=t,M 
CTIME( I >    =   COT(T ) 

c.n  TO  ?oroo 

STATEMENT    3?CA       IS   THE   RF-FNTPV   POINT   FROM   THE   SIMPLEX 

AIGTRITHM   WHEN   CLUSTER   BASED   BOUNDS   ARF   OEING   COMPUTED 

CONT 
DO 6 
MflMF 

X-    B 

x=x- 
1=0 
1 = 1 + 
IF( X 

NLFF 

CONT 

IP^I 
NIB( 

INuE 

032    1=1,10 
NT(IR.I)    =    MOMENT(IP.I)    ♦( Bl I NV( 1,NMMPl)**I )*SPROR 

1 INV( I .NMMPl » 

1.tD-l^ 

1 

.GT.FO( I ) )    CO   TD   6420 
D(  IR, t ) = NLFFD( IR, I )«-SPPUB 

INUE 

P+ 1 
IP)=NI9(IR)♦! 

GENERATE   NFXT   ACTIVITY   CoNFIGURATICN   TO   BE   FXPLICITLT 

CnNSlDFPEO. 

IF     {IDTALL,FO.O)    GO 
IF    ( IP.GT.ly)    GO   TO 
RANSAM    =    IP 

GO   TO    20501 
IF(NIn( IPI.GT.SAMSIZ) 

lYUTS    =    lYUTS*fc65i9 

TF    (IYUTS)    6210.6211,6211 

IYUTS    =     IYIJTS*-?! A74B1647*! 
XRAN   =     IYUTS 

XRAN   =    XRAN*.465661 3F-9 
PANsAM    =    XrJAM*DFLOAT( IU-1 ) 

fOKTTNUF 

CONVERT    THE   PANDOM   NUMBKR, 
ACTIVITY    CONFIGUPATION, 

TO    20SC0 
320 7 

GO   TO   320 7 

RANSAM,    TO   A   BINARY   NUMBER   TO   DEFINE   AN 

C 
C 

KRAN   =    KANSAM 

SPPOB=l.DO 

DO   B5C5    1 = 1,IC 
IHALF    =    KRAN/2 
17    =   KRAN   -   IHALF*2 

L    =    iNCLUSdR.I) 
CTIMEIL»    =    I2«FHI(L)-IZ*FLO(L)    ♦   FLOIL» 

spnnB=SPROB*( I 7*PC>(L) ♦( 1-IZ »•PP(L) »*2.00 

SPRO^= •'♦♦NINCLI IRI * THE PPOHAHILlTY OF THIS CONFIGURATION 

TBC 
78i; 
782; 
783 
78« 
785 
786 
7'i7 
788 
73»» J 
790 
791 
792 
793 
794 
795: 
796 
797 
798 
799 
800 
801 
80? 
803 
804 
805 
806 
807 
808 
809 
810 
811 
812 
813 
814 
815 
816 
817 
818 
819 
820 
82 1 
82? 
823 
824 
825 
826 
827 
828 
829 
8 30 
831 
812 
833 
834 
835 
8 36 
937 
838 
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HÖ05       KRAN   TT     CHAuF 

CALL   HINVA(&2RO0) 
3?07      NIH(IP)=Niq(IR)-J 

on  ftCT   i = i,in 
60.10       MQMENT(fR,I)    =    MOMENT ( I R t I >/Nt iS ( I R ) 

GO   Tr   3P.0C 
3208      WRITE    (6.6362) 
6362      FORMAT     (IM!) 

IT    (lCflCP.FQ.2)    GO   TO    60 11 
on   ire TO  J = I,10 
I TMAX= •» 
TMAX = 0 . 
DO    ^021     1=1,KCPB 
IF(NINCL(I).EQ.O)   GO   TO   5021 
IF    (MOMFNT< I , J ) .LF.TMAX )    Gü   TO    f=C21 
TMAX    =    MCMpNTCI.JI 
ITMAX=I 

«5021        CONTlNOe 
WPITF    (6,5')?3)     J. J,MOMFNT( ITMAX. J) 

S023       FPPMAr     C1H0,5X«»A   LQWF^    BOUNO,    T-( • , I ?,•;THPTA.LAMQDA), 
*. I?    .»-TU   MOMENT    OF   THF    NFTWÜRK   COMPLETICN   TIME    •■ 

ON   THE    • 
i   ».EIS.SI 

1 ooo^ 
r. 
c 
c. 

c 
qon 

CONTINUE 

BEGIN    THF   PPOCEOURE    FQP 

NETWORK    COMPLETION    TIME 
DETERMINING  UPPpH 
OISTRIRUTION 

OOUNOS   ON   THE 

<)9Q0 

399P0 
<>007 

10111 
1011? 
c 
c 
c 

10110 
10119 

T.I 0 423 

«>*21 
942? 

CONTlNjE 
OO    9C07    IR=1,KCPH 
IF(NINCL(IP).EO.O)    GO   TO   PCC7 
00 oqoo    I=2,IEDF 
1 1=1-1 
NLFFD( IR, T ) = NLEPO( IR. I ) «-NLEFDC IP. II ) 
WNNlR=DFLrAT(NlP(IP)» 
OO    3ciP90    1 = 1 . IFOF 
NLFFO{ l^«I )=NLEFn( IP, I )/WNNlR 
CONTINUE 
00     10111     IR=1,KCPB 
IF(NINCL(IR).GT.r»    GO    TO    10112 
CCNTINUF 
IRR=IP 

i RP   = NON-EMPTY CLUSTER  KITH THü  SMALLEST  INDEX 

DO 10110 IP=1,KCPR 
IFJNINCLCIP).EO.O) GO TO 10119 
DO  loin  1=1,irnF 
IF(NLFFR( IR, I ) .LT.NLEFD< IRR,I ) )    NLEFO( IRR,I) = NLFFD{ IRtI I 
CCNTINUE 
CONTINUE 
WRITE    (6,6264) 
WPITFI6,9423) 
FORMAT( 1H0,5X.«AN UPPER BOUND ON THE  NETWORK COMPLETION TIMF 01STR 

♦ IRUTION:  F*(. ;THFTA;LAMHOA)•) 
DO   9421     1 = 1 , IEDF 
NSAvt( I IsNLEFOIIRR, I ) 
X = NLErt)(IWP. I ) 
WRITF(6,94??) TOI I),THETA,LAMBDA , X 
FORMAT! l7X,»rf < •.FIS.'S, •;• ,Fl«.*!,•;• .FIS.S.M ■ «.ElS.S» 

8*0 
841 
842 
«43 
644 
845 
846 
847 
848 
849 
8 50 
351 
85? 
853 
854 
855 
856 
857 
658 
8 59 
860 
861 
86? 
863 
864 
865 
366 
367 
668 
869 
870 
871 
872 
873 
874 
875 
876 
877 
87B 
879 
880 
981 
882 
383 
884 
885 
886 
887 
888 
889 
890 
891 
892 
893 
894 
895 
S96 
897 
818 
899 

I 
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■ .-. .    -'. ■ 

r 
r 
c 
c 
c 
r 

C 
c 
G 
C 
c 
c 
c 
c 
c 
c 
c 

BPGIN   THE   PPOCPDUHE   FOR   DETERMINING   UPPER   BOUNDS   ON   THE   MOMENTS 
CF   THF    NETWORK   COMPLETION   TIME    AND   LOWER   BOUNDS   ON   THE 
OISTRIOUTIoN   OF   THF   COMPLETION   TIMES, 

THE    UPPER   BOUNDS,    T*(R,THETA.LAMBDAI,    ARE   NOW   DETERMINED. 

FOR    THF   SAKE   Or   NUMERICAL    ACCURACV   THE   PERT 
WITH    NEW   ACTIVITY    TIMES    IS     INITIALLY    SOLVED 
INSTEAD   OF    UPDATING   AN   OLD    SOLUTION,       AFTER 
RFI^ITIALI NATION.    THE    REMAINING   CRITICAL   PATH   TIMES 
DETEPMNED   OY   UPDATING   THIS    SOLUTION. 

PROBLEM 
FROM   SCRATCH 
THIS 

ARE 

600 1 

6011 
626A 

7101 

7 1C1 
1 OOf Q 
6012 

ICHCP=1 
DO   ftOn     1 = 1,M 
CTIMF( I ) = FHI( I ) 
CPK I ) =:FHI ( I ) 
GO    TP    6 010 
WOTTF    (6.6?6'*) 
FOPMAK ///> 
DO    lOCC^    J=l . I 0 
ITMIN^IRP 
TMINiMCMENTIlRP,J) 
DO    71C1     T-l.KCPR 
IF(MNCL<I    ).E.O.C)   GO   To   7101 
IF(MOMENT( I , J) .GT.TMIN)    GO   TO 
IT MI N= I 
TMIN=MCMENT(I,J) 
CONTINUE 
WPITF    (6,60121    J,J,MOMENT! ITMlN.J) 
FOPMAT     {1HI, .fiX ,» AN   DPPF?   BOUND,    T4-( • , 12 , • :THET A .LAMBDAI ,    ON 

•,I2,«-TH   MOMENT   OF    THE    NETWORK    COMnLETION    TIME   =    (*Et5*S) 
DO   6690 0    IR=1.KCPT 
IFININCH IRI.EO.O)    an   TO   66900 
no  6RCO   l=»,iFnF 
Il=l-i 
Nl FFD( IR, I )=NLFFD( Ip, I )+NLEl-'D( IR.II ) 
W NN I n= D FL O AT < N I H { I M ) ) 
DO   4q9 »0    1=1 , IEDF 
NLFFD< IR.I ) = NLEFD( IR,I I/WNNIR 
CONTINUE 
DO    20116    IR=1,KCPR 
IF<NINCL(IR),EO,0)    GO   TO   20115 
DO   PCI 10    1 = 1. IEDF 
IF(NLFFC( IR. I ) .GT.NLFFDI IRR,I> )    NLEFDIIRR. I »=NLFFD( IR, I » 

?0 110   CONTINUE 
20115   CONTINUE 

WRITE    (6,6.162) 
WRITF(6,6 423) 
FOPMAT(1HC,5X,    «A   LOWER   BÜUND   ON   THE    NETWORK   COMPLETION   TIME 

• IBUTIQN:  F-( . ;THETA;LAM IDA)«) 
DO 6421  1=1.IEDF 
X = KLFFi. ( IPR, I ) 

6421 *OI Tfl 0,6.42?) Fn( 1) ,THFTA,LAMBDA.X 
6422 FORMAT( 17X,«F-C • ,F15.S, •;•,E15.5.« I* .EI5.5.') » «.FIS.S» 

|c 

THE 

6 900 

4 999 0 
66900 

,*64?3 DISTR 

900 i 
901 
90 21 
903 
904 
905 
906 
907 
908 
909 
910 
911 
912 
913 
914 
915 
916 
917 
918 
919 
9?0 
921 
922 
923 
924 
925 
926 
927 
928 
929 
930 
931 
9 32 
933 
9 34 
935 
936 
937 
938 
939 
940 
941 
942 
943 
94« 
945 
946 
947 
948 
949 
950 
951 
952 
953 
95« 
955 
956 
957 
958 
959 
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c 
c 

THr    APPPTXIMATE   NETWOPK   CüMPLFTtHN   TIMF   DISTRIBUTION 

WRITE    (ö.fcTft?) 

WP1TF( ^.«J^Ta ) 
0472       FnPMAT( IHO t'SX . • AN   APPROXIMATE   NETWORK   COMPLETION   TIMF   DISTRIBUTION 

•:• .//i I'SXt «FI . ;THFTA,LAMBDA)   =    .5   *    (   F «-I , ;THET A.LAMBDA )    ♦   F-(.;TH 

*FTA,LAMBDA)     )•,//) 
nn «471   i=i,IFDF 
X-.SIir «MSAvF ( T ) -«-.SDO + NLEFOf I«R tl ) 

«5471       WPITr(6,S473)    FD ( I » , THE T A ,L AMBD A , X 
ln7^      FPRMATdTx.«    F( • ,ni5.5, • ; «.t 15.5.« ;• .EIS.S.M    =    »tFlS.S» 
<9Q9 WtTlTF( 6 ,BCS'" ) 

STOP 

PND 

SUBROUTINE  BINVAC*) 
IMFLK1T    PEAL*8    (A-H,n-Z) 
COMMCN    SI INVt^FDCOS.CTIME,XBI, INBASF. IHFAOt ITAILtNMMPl »NMM.N.ISTAT 

royvcN  M.MPI 
DIMfNSICN       I5TAT (IOC ) , IHFAD( 6C » , TTAIL (60) ,XBU4n 
DlMFNSION   Tl INV(41 .41 ), INJASE(4C ).CTIMF(100).REDCÜS( 100) 

r 
r 

r 

r 

C 
r. 

c 
c 
c 

c 

r 

c 
c 
c 

UPDATE    THE    FIRST   RQW    OF    R1INV    AFTER   CHANGING   CTIME 

DO    1     l-r^.NMMPl 

HI INV( 1 . I >    -   C .0 
OP    1    J=3,KMMP1 

1    BllNV(l.I)    =   BlINV(l.I)    ♦   RlTNV{J,I )*CTIME( INBASE(J-l)) 

IjOOATF    VAl UE    OF    THF    OBJECTIVE   FijNCTlON 

XRl ( U     -    01TNV( l.NMMPI) 
RpTUPNl 

FNP 
SUBPUUTINF    TINV1    < ♦ , TMNFV« . TMOL D , I D) 

IMPLICIT    HPAU*B    {\-H.n-7) 
COMMON    Rl INV.REOCaS.CTlMF.XBl•INBASE.IHEAD.ITAIL«NMMPl .NMM.N, ISTAT 

COVVCN    M.MPl 
DI»/ENSICN       ISTATdOC) ,IHEAD(60 ) , ITAlLtfrO) .XBUAI ) 

rilMENSIGN   nl INV( 41 .41) t INBASfc(40) »CTIMEI I 00 ) t RFOCOS ( 1 00 ) 

COMPUTE    THF   HFOCOS   CORRESPONDING   TO   ONE   CHANGE   IN   CTIME 

DO   2    1=1,NMM 
?    IF(INfl^SFII).FO.ID)     11=1*1 

01FF   =    TMNFW-TMOLD 
TMNEW    IS   THE   NEw   TI Mt   AND   TMOLÜ    IS   THE   OLD   TIME   CORRFSPONDlNG 

TO   THF    SINGLE   CHANGE    IN   CTIMF 

DO    1    K=l ,M 

IF<ISTAT(K) .EO.H GO TO 1 
RFOCOS(tO = REDCOS(K)-niFF*(0HNV( II , IHEADI K)fl) - 

♦   BIINVU I . ITAIL< K) + l )) 
1 CONTINU^ 

OP ■*   K=MP1 ,N 
IF (ISTAT(K) .F.Q.I ) GO TO 3 
REOCOSIK)    =   RFDCOS(K)   -   DIFF*B1 INV<I I«K-M*1) 

3   CONTINUE 

UPDATF   THE   FIRST   ROW   OF   B1INV   AFTFR   CHANGING   CTIME 

960 
961 
962 
963 
964 
965 
966 
967 
968 
969 
970 
971 
972 
973   '\ 
974 
975 
976 
97/ 
978 
979 
980' 
981 
982 
983' :f 
984 
985;      1 
986   ; 
987    | 
988 
989 
990 
991 
992;   }| 
993 
994 ;  | 
995 
"96,  i 
997 |   i 
99B 
999 
1000 
1001 
1002    [1 
1003 
1004 
1005 
1006   1 
1007 
1008 
1009   l| 
1010  ;| 
1011 
1012   | 
1013 
1014 
1015 
1016 
1017 
1018 
»0.9 1 J 
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c 
c 
c 

DO 10 IsZiNMMPl 

fM INV( 1 . I)=^1 INV( 1, I)*DtFF*Bl INV(II.I I 
10  CONTINUE 

UPDATE VALUE OF THF OBJECTIVE FUNCTION 

XFM(I)  = HI INV(1 .NMMP1 ) 
PFTURN1 
END 

1020 
1021 
102? 
102 
1024; 
102 Si 
1026 

1027 
1028 

: 
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New Subnetwork Analysis Program: Flowchart 

63 

Read subnetwork description 

Set each activity's completion time to Its  mean 

Determine the activities on this original critical path 

Read the algorithm parameters 6,  X 

Set each activity's- completion time to its lower point 

Determine the acclvitles on this critical path.     (This critical path 
completion time is an lower bound on the subnetwork completion time.) 

Set each activity's completion time to its upper   point 

Determine the activities on this critical path.     (This critical path 
completion time is a upper bound on the subnetwork completion time.) 

Determine the associates of each original critical 
path activity and the initial clusters 

Pool clusters 

Determine the eliminants of each non-critical path 
activity and pool the new clusters 

Describe the final clusters 

M 

Determine T~(*;  6,  X)  and F (•;  9,  X) 
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Determtne T (•; 9, X) and ?"(•; e, X) 

Determine the approximate subnetwork 
completion time distribution, FC«; 0, X) 

STOP 

!   i 

■ '1 



■■■■■■■     ......    .......... 

65 

APPENDIX C 

Original Subnetwork Analysis Program 

The Original Subnetwork Analysis Program is an Implementation and 

extension of the analytical procedure described In Section 3 of Technical 

Report No. 48.  The basic required Input Is 

(a) an acyclic network with one source and one sink, 

(b) two points from each component activity's completion 

time distribution, and 

(c) specified values for the algorithm parameters 6 and X. 
I 

The output Is mainly 

| 
(a) upper and lower bounds on the moments of the network 

i 
+ 

completion time, T (8, X) and T (6, X) r » 1, 2, ..., 10; 

(b) upper and lower bounds on the distribution function of the 

network completion time, F (•; 6, X) and ?"(•; 6, X); and 

(c) an approximate network completion time distribution, 

F(.; 6, X) - l/2[F+(.; 9, X) + ?"(•; 6, X)]. 

The main extension of this program is the inclusion of an option 
n 

to consider only a random sample of the 2  activity time configurations 

for a cluster C Instead of explicitly evaluating the critical path time 
n 

for all of the 2 c activity time configurations. 

The basic computational technique for determining critical path 

times Is the Simplex Algorithm. This algorithm is applied to the dual 

problem. The Simplex Algorithm is used Instead of the standard network 

analysis techniques because the Simplex Algorithm is ideally suited for 

the type of parametric programming required to evaluate several critical 

path times when only the activity times vary from one problem to the next. 

i I 
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A listing of the Original Subnetwork Analysis Program and a program 

flowchart are given at the end of this appendix. 

Specific Input Instructions; 

Card 1. Col. 1-3 : The number of activities in the network, Format (13). 

Col.  4-6 : The number of nodes in the network, Format (13). 

For each activity one card with: 

Col. 11-15: The origin node of the activity. Format (15). 

Col. 21-25: The terminal node of the activity, Format (15). 

Col. 31-40: The lower point on the activity's completion time 

distribution, Format (F10.0) 

Col. 41-50: The upper point on the activity's completion time 

distribution. Format (F10.0) 

Next Card.  Col. 1: 0PT0N1. 0PT0N1-1 implies that the program will 

i 'I 
terminate after the clusters have been formed 

on the basis of associates and elimlnants. i 

OPTON^l implies that the program will follow 

the normal procedure. 

Next Card. Col. 1-3: IEDF. The program computes an absolute upper 

and lower bound for the network completion time. 

This range is subdivided Into IEDF equal parts 

and the approximate distribution function (F , F~, t) 

values are printed at each of these dividing 

points. IEDF would usually be between 10 and 

100. IEDF, Format (13). 

i 

I 
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i 
Next Card. Col. 1-5 : 6, Format (F5.2). 

Col. 6-10: X, Format (F5.2) 

Next Card.  Col.  1-10:    SAMSIZ.    The number of activity time 

configurations to be randomly selected for 

explicit consideration in each cluster 
n 

analysis.    If SAMSIZ < 0 or SAMSIZ > 2 c, 

all activity time configurations will be 

explicitly considered - no random sampling 

will be done.    Format  (110). 

The nodes should be numbered 1,  2,  ..., n with the source being 

number 1,  the sink being number n, and the other node numbers 

being arbitrary.    The activities should be numbered 1, 2,  ...  in 

any order desired. 

Current Dimension Restrictions; 

Currently the program is dimensioned for a maximum of 

60 Activities 

40 Nodes 

23 Clusters 

25 Activities/Cluster and IEDF < 500. 

Example; 

The program's input and output are illustrated in terms of 

the network in Figure C-l. 
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Figure C-l.    Original Subnetwork Analysis Program Bxaaple Network 
'l 



012007 
I 
1 
1 
3 
4 
S 
2 
3 
4 
5 
6 
5 

SAMPLE INPUT 

2 17.26 19.44 
3 19.26 21.44 
5 12.76 IS. 91 
2 3.51 4.01 
3 3.01 5.43 
4 3.52 4.25 
7 13.75 14.48 
6 5.OS 8.43 
6 5.36 6.51 
6 8.78 11.44 
7 15.76 17.21 
7 14.32 18.35 
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PROGRAM LISTING 79 

I         C I 
|          C                        ORIGINAL   SUBNETWORK    ANALYSIS   PROGRAM 2 

C 3 
jj                             IMPLICIT   REAL*«    (A-H.O-Z) 4 

C                        FOR   THE   SAKE   OF       IDENTIFYING   THF    APPROPRIATE   OMENSIONSt    LET 5 
C                                       M   =   THE    NUMBER   OF   ACTIVITIES    IN   THE   NETWORK 6 
C                                          NMM   =    NUMBER   OF   NODES    IN   THE    NETWORK 7 

C                                          NMMP1     =    NMM   ^    1 8 

C                                             N   =    M    4-    NMM 9 
■          C                                          L    =   THE   LtNGTH   OF    THE    CRITICAL    PATH 10 

C                                          C    =    THF    MAXIMUM    NUMBER    OF   BRANCHES    IN   A    CLUSTER 11 

C                                          lEDF   =    THE    NUMBER   OF    DIVISIONS    IN    THF   EMPIRICAL 12 
C                                                                DISTRIBUTION   FUNCTION 13 

C 14 

r 15 
C                INTEGER   TAIL!    M),HEAD(    M).ASSGRP(   L.L    )iCLINCL(L«L).EGRP(L) 16 

C                DIMENSION   NINCL(    C),INCLUS(    L.    C),NCLINC(    L) 17 
C               DIMENSION   NLEFO( IEDF),FD( IEDF ).NSAVC( lEOF) IB 
C               DIMENSICN    IZZ(    C).AVG(    L),THAT(L» 19 

C                 OIMFN5ICN    INBASE(NMM» ,XNODE(NMM ) 20 
C                DIMENSION   LFFT(M    )tLEFTO<M    ),NONCP(M) 21 

C               DIMENSICN   XB1(NMMPl),Y1(NMMP1).REUCOSCN),ISTAT(N» 22 
C               DIMENSION    TCRITp(L),NINAG(M),ICRITN(L+1».CTIME(N>,COT(NI 23 
C                OIMFNSIGN   KB(l. » , IBH(L ),F25(M),F75(M» ,SIGMA{M) ,B1INV(NMMPl,NMMPl » 24 

C               RFAL                            MCMENT(_,10» 25 
r. 26 

C                        OF   COURSE    THESE   DIMENSIONS   ARE   MERELY    UPPER   BOUNDS 27 
r 28 
C 29 

COMMON    eilNV.PFDCOStCTlMFfXBl tIN8ASFtHFAQ»TA ILtNMMP1 ,NMM,N,I STAT 30 

COMMON   M.MPl 31 

INTEGER   TAILCfiO) tHEAD(60 ) . ASSGRP (25, 25) .CLINC.U 25, 25) ,E6RP( 25) 32 

INTEGER      SAMSIZ,RANSAM 33 
DIMENSICN   NINCL(2e5) ,INCLUS<25,25),NCLINC( 25) 34 

DIMENSION   F0{500).NLFFD(500»,NSAVE(500) 35 
DIMENSION    AVG(?5),THAT(25) 36 

DIMENSICN   lNBASE(4r,) 37 
1                             DIMENSION   XNODE(40) 38 

DIMENSION   XB1(41 ),Y1(41 ),REDCOS(ICO),ISTAT(10P) 39 
DIMENSION   SlINVUl ,41 > ,KD(25>. I BH( ?5 ) , FLO ( 60 ) ,FH l{ 60 ) , S I GMA{ 60) 40 

.                             DIMENSION    ICRTTP(25),NINAG(5C).ICRITN{26)tCQT(100),CTIME(100) 41 

DIMENSION   LEFT(60).LEFTO(60),NONCP(60) 42 
RFAL*R    LAMBDA,MOMENT(25,10) 43 

C                        M   =    THE   NUMBER   aF   ACTIVITIES    IN   THE    NETWORK 44 
C                        NMM   =   THF   NUMBER   DF   NODES    IN   THE   PERT   NETWORK 45 

READ(5.100)       M,NMM 46 

100         FORMAT(2I3> 47 
N=NMM+M 48 

MP1=M+1 49 

NMMP1 = NMM-H 50 

c si 
C                        THE    ACTIVITTFS   ARE   DESCRIBED    IN   TERMS   OF   THE IR   NODES 52 

,C                         II=THE    TAIL    NODt,    THF   ORIGIN   NODE 53 

C                         JJ=THE   HEAD   NODE,    THE    TERMINAL   NODE 54 
C                        FLO      =      THF    LOWER   PERCENT HE S« 

.C                        FHI      =       THF    UPpER   PERCFNTILF 96 

C                         SIGMA      «      FLO   -   FHI 87 

r M 
DO   MO    1 = 1 ,M 89 
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80 
REAO(5,250n    I I , J J .FLCi ( I    »,FHI(I    ) 60 
SICMA(I)   =   FHI(I )-Fl.O(I > 61 

.2501       FORMAT(l0XtI5,5XtI5,    5X,F10,0,F10.0) 62 
COT(I)    =    (FLO(tl*FHl(II»/2, 63 
CTIMF( I )    =   COT(I ) 64 
TAIL(I)   =    II 65 

610   HEADd )=JJ 66 
C                         COT(M)             =    THE   ORIGINAL   RIGHT   HAND   SIDES.    I.F.    THE   AVERAGF 67 
C                         OF   FLO   AND   FHI 68 

DO   fiSfilC   I=MP1,N 69 
55610   CTIMF(I)   =   0, 70 
C 71 
C               OPTON1 =1 IMPLIES THAT THE PROGRAM WILL TERMINATE AFTER 72 
C                          THE CLUSTERS HAVE BEEN FORMED.  NO BOUNDS ON 73 
C                          THE PROJECT COMPLETION TIMF MOMENTS OR 7« 
C                          DISTRIBUTION WILL BE DETFRMINED. 75 
C               OPTTN1  NnT= 1   IMPLIES THAT THE NORMAL PROCEDURE «TILL BE 76 
C                          FOLLOWED. 77 
C 78 

READ(5,77^51) OPTQNl 79 
77551 FOPMATIlOIl) 80 

IF(OPTONl .FQ.I) WRITE{6.77552) 81 
7755? FORMAL1H1.10X,»OPTI0N1=1 AND THE PROGRAM WILL TERMINATE AFTER THE 82 

♦ ClUSTERS HAVE «FEN FORMFD.•,/,11X,•NO BOUNDS ON THE PROJECT COMPL 83 
♦ETION TIME MOMENTS OR DISTRIBUTION WILL BF DETERMINED.t| 8* 
READ(5,100) IFOF 85 
WRITE(6,?7C0) 86 

2700 FOPMAT(1H1.15X.•INITIAL INPUT«) 87 
WRITF(6.27ri) 88 

2701 FORMAT(1H0,ICX.»ACTIVITY  ORIGIN    TERMINAL  LOWER PERC.  UPPER P 89 
*FRC.    AVERAGE  PERCENT ILE DIFFERENCE» I 90 
DO 27C4 1=1,M 91 

2704  WPTTF(6,2702) I,TA 1L( I ),HEAD(I) ,FLOI I» . FHI(I).CTIME( I),SIGMA( I) 92 
27c2  FapMAT(lH ,1 3X. I3.5X, tS^X, I3.5X.F10.4.3X .F10.4.3X.F10.4.4X.FI0.4) 93 
C 94 
C          THE FOLLOWING INDICATORS APF USED: 95 
C 96 
r 97 
C         IPARM = 1   IMPLIES THE CRITICAL PATH TIME WHEN ALL ACTIVITY 98 

■C                     COMPLETION TIMES ARE SET EQUAL TO THEIR AVERAGES IS 99 
r                     REING DETERMINED 100 
C         IPARM = 2  IMPLIES THAT THE LOWER BOUND ON THE COMPLETION TIME 101 
.C                      FOR THE SUBNfcrwORK IS BEING DETERMINED 102 
r         IPARM = 3  IMPLIES THAT THE UPPFR BOUND ON THE COMPLETION TIME 103 
C                       FOR THF SUBNETWORK IS BEING DETERMINED 104 
C         IPARM > 3  WHEN INOEXL=0 IMPLIES THAT THE ASSOCIATES ARF 105 
C                      BEING DETERMINED 106 
C 107 
C 108 
C         INDEXL=0  IMPLIES THAT INITIAL CLUSTERS ARE STILL BEING FORMED 109 
C         INDFXLM  IMPLIES THAT THE LEFTOVERS. THEIR ELIMINANTS. AND 110 
c                    POOLFD CLUSTERS ARE BEING DETERMINED ill 
C                        INDEXL/=2      IMPIIFS   THAT   THF   2**NINCL(    »    RUNS   FOR   EACH   CLUSTER 112 

.C                                                       ARF   DEING   MADt    AND   AVERAGFO 113 
C IM 
C 116 

.C                        IfHCP   =   0    IMPLIFS   THAT   THE   PROCFOURF   FOR   OETtRMINING   UPPER 116 
C                                                      BOUNDS   ON   THE   MOMENTS   OF   THE    NETWORK   COMPLETION   TI MF. 117 
C                                                   AND   LOWFR   HOUNDS   ON   THE   DISTRIBUTION   OF   COMPLETION I IB 
C                                                      TIMFS   HAS   NOT   BEEN   BEGUN 119 

■ --   
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81 
C 
c 
c 
c 
c 
c 
c 
c 
r 
c 
c 
c 
c 
c 
c 
c 

ICPCr» « l IMPLIES THAT THE PROCEOURE FOR DETERMINING UPPER 
BOUNDS ON THE MOMENTS OF THE NETHORK COMPLETION TIME 
AND LOWER BOUNUS ON THE DISTRIBUTION OF COMPLETION 
TIMFs I5 BEING INITIALIZED 

ICBCD = 2 IMPLIES THAT THE PROCEDURE FOR DETERMINING UPPER 
BOUNDS ON THE MOMENTS OF THE NETWORK COMPLETION TIME 
AND LOWER BOUNDS ON THF DISTRIBUTION OF COMPLETION 
TIMES IS EEING CARRIED OUT 

IDLT = 0   IMPLIES THAT THE PROCEDURE FOR DETERMINING A UPPER 
DCUND DN THF NETWORK COMPLETION TIME DISTRIBUTION HAS NOT 
BEGUN 

IDLB = 1    IMPLIES THAT THE UPPER BOUNQ ON THE NETWORK 
COMPLETION TIME DISTRIBUTION IS BEING DETERMINED 

IPARM=1 
INDFXl =•) 
ICBCP=0 
IDLB   =    0 

öC •■ CONTiNUF 
00    104     1=1,NMM 

10 4 INRASF( I ) = MM 
DO   2G0I    J = l .M 

200 1 ISTATf J»=^. 
DO   200?   J=MPl,N 

20C2 ISTAT(J)=l 
DO    10    M = 1.NMMP1 
DO    l?   L=l.KMMPl 

12 B1INV(L.I!»    =    C. 
10 Bl INV( II,IT)    «    1. 

DO    30    1=1,NMM 
30 XPUI)    =   C . 

XBKNMMPl)    =    1. 
TOL^l=l,CD-10 

C 
c 
c 
•r 
r 
3 5c 

. 2fi00 

START THF SIMPLEX ALGORITHM 
SOLVE THE DUAL PWÜBLEM 

THft  NUMBER OF VARIABLES   IS 
FOR   A    TOTAL    OF   N    VARIABLES 

M   RFAL    ♦    NMM   SLACKS 

?2 
52800 

23 
22S0C 

24 

CONTINUE 
DO   23    J=1,N 
RAT«5    =   0» 
IF    (ISTAT(J),EO.lI    GO   TO   52fl00 
IF    (J.GT.M)    GO   TO   22 
RATS   =-Bl INv( 1 .HEAD! J)*l )«-Bl INVII.TAIL! J)*l»    ♦   CTIMF<J» 
GO TO s?en 
RATS   *-BIINV(1 ,J-M*1 I 
RFDCOS(J)=   RATS 
CONTINUF 
CONTINUE 
1RMAX=1 
RMAX=RFrCOS(1) 
DP   24   J=2,N 
IF(RFDCOS(J)    .LF.   HMAX)    GO   TO   24 
RMAX=REnCOS<J ) 
IRMAX=J 
CONTINUE 
IF(RMAX    .LF.    TOLR1»    GO   To   401 
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120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
16? 
163 
164 
165 
166 
16r 
168 
169 
170 
171 
172 
173 
174 
175 
176 
177 
176 
179 

iBÜMiMi 

!;M 
i| 
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5002 
2 

27 

22824    CDNTINUF 

DD   2f>   L = 1.KMMP1 
IF    ( IRMAX.GT.M)    GO   T3    50026 
VUL)    =-BlINV(L,TAIL( IRMAX )♦) )+Bl INV'L.HEAfX |RMAX)4-| » 
GO   TO   26 

6    Yl(L)    =   ni INV(L, IRMAX-M + l ) 
6   CONTINUP 

Vim    =   Yl(l)    -    CTIMF(IRMAX) 
NUMP.EP = 0 
OO    27   I =2>NMMP1 
IF(Y1(L)    .Lc.    TOLR1) NUMBFRaNUMBEP* 1 
IF(NUMBER    .EO.    NMM)    GO   TO   40 3 
RMIN=.9qO   ?0 
IRMIN=0. 
OQ   ■??    I I=2.NMMP1 
IF(Yl(H).IF.    T0LR1 )       GO   TO   32 
RATS   =XB1( I I)/Yl(III 
RR=RATS-PMIN 
IF(PR    .GE.    0.O0)    GO   TO    32 
RMIN=P4TS 
IRMTN=IT 

^2 CONTINUF 
DO    33   J=2.NMM01 
WW=flltNV(IRMIN   ,J)/Y1(IRMIN    » 
OO    37   U = l^MMPt 
gUNV(LtJ)==51 INV(L,J)-ww*Yl(L) 
BIINVCIBMIN    tJ)3WW 

37 
33 
C 
c 
c 

3fl 

4C3 
530 

8 50 

r 
c 
c 
401 
r 
C 

r 
c 
c 
c 
c 

r 
r. 

UPDATE   THE    BASIC    VARIABLES:    INBASE   ANO    XBl 

I STAT( INBASEI IRMIN-1 ) ) = ^ 
ISTAT(IRMAX)=1 
INBASFCIRMIN-1)aIRMAX 
W = X81<IRMIN    )/YUIRMllM    > 
DO   38    1=1 .NMMPl 
XBl ( 1 » = XB1U )-Yl (I )♦* 
XRUIRMIN    ) = g 
GO   TO   150 
WRlTE(6,5n» 
FORMATCIHOtSXf«NO   FEASIOLF 

*.» ) 
WRITE(6.f»5Tt 
FORMAT« JHt » 
GO   TO   9>iQ 

FND   OF   THE   SIMPLEX   ALGORITHM 

COPY WWmM TO 00CMD0B NOT 
PERMIT FULLY LEGIDlf PRODUCTION 

SOLUTION EXISTS*  CHECK YOUR INPUT DATA 

CONTINUE 

KKK=   THE   NUMBER   OF   NODES   ON   THE   CRITICAL   PATH 
KB(L)=   THE   L-TH   NODE    IN   THE   CRITICAL   PATH.    COUNTING   BACKWAROS 

FROM   THE    TERMINAL   NODE 
KKB=   THE   NUMBER   OF   ACTIVITIES   ON   THE   CRITICAL   PATH 
IBB(L)=   THE   L-TH   ACTIVITY   ON  ThC   CRITICAL   PATH.   COUNTING 

BACKWARDS   FROM   THE   TERMINAL   NODE 

IF< ICBCP.EQ.J)   GO   TO   6008 
IF( INnFXL.EQ.2»   GO   TO   3204 

INBASE    IS   A   SFT   OF   M    INTEGER   VARIAHLFS   «HICH   INDICATE   THE 

ISO 
181 
182 
183 
184 
18S 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
20 7 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
2 32 
233 
234 
235 
236 
237 
238 
239 
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C 

C 
c 
r 
c 
c 

' c 
c 
c 
r 
r 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

8300? 

«30 "1 
r 
c 
c 
r 

83 

COMPOSITION flF THE CURRENT BASIS.  FOR EXAMPLE, 

1N»1ASE(K) = 7   IMPLIES THAT THE K-TH COLUMN IN THE BASIS B 
CORRESPONDS TO THE 7-TH VARIABLE 

TSTAT INDICATES THE BASIC STATUS OF EACH VARIABLE 
ISTVMK» = 1   IMPLIES THAT THE K-TH VARIABLE IS IN THE 

DUAL flASIS 
ISTAT(K) = P   IMPLIES THAT THE K-TH VARIABLE IS NOT IN THE 

DUAL BASIS 

THE FOLLOWING STATFMENTS DETERMINE THE NODES AND ACTIVITIES ON 
THE CRITICAL PATH 

THE DUAL SOLUTION IMPLIES THE FOLLOWING OPTtMAL SOLUTION TO THE 
PPTMAL PEPT PROBLEM. HOWEVER SOMF OF THE NODE TlMES(OTHER THAN 
THe LAST ONF) MAY RE HIGHFR THAN NECESSARY,   THUS IN 
nETEKMlNlNC THE CRITICAL PATH AN ALTERNATIVE OPTIMAL SOLUTION 
MAY HAVE TO 9F IDENTIFIED. 
R1INV !<; NOT CHANGED, 

DO P30a2 frl.NMM 
XNOOFI I 1=01 INV( 1 , IM ) 
KKKr:\ 
KR(1j-NVM 
IK=KB(KKK) 

nFTERMlNE WHETHFR THE TIME TO REACH NODE    I* 
AS LARGE AS INDICATED FROM THE DUAL SOLUTION 

IS NECESSARILY 

SMIN=99'<«)f/0. 
I SWI N=0 
DO PTOC T = 1,M 
IFCHEAPI 1) .NF.IK» GO TO S3000 
SLACKSXNODF(HEAO< I ) )-xNODE(TAIL(I ) )-CTlME{ I) 
IF(SLACK.GE.sMlN> GO To 830C0 
SMfN^SLACK 
ISMIN=I 

93000 CONTINUE 
IF(SMIN.LT.3,0001)    GO   TO   83C03 

.C 
C 
C 

8 300 3 

THE    TIME   FOR   N0)E    IK    WAS   UNNFCCESSARILY   LARGE 

XNCDEI IK)=XNOOE(IK>-SMtN 
KKK=KKK-l 
GO   TO   q3C0 1 
IBBCKKK ) = ISMIN 
KKKsKKK'f 1 
KB(KKK)=TAIL(ISMIN) 
IF|TAIL(ISMIN).GT.l ) GO TO 83001 
KKfl=KKK-I 
IF«tNDEXL.EQ.1) GO TO 3121 
IPAPM=IPARM*1 
IF( IPARM.GT.O GO TO ?9 10 
IF(IPARM,E0.3» GO TO ft40C 
|F(IPABM.F0.4) Go TO 6401 

ICRITP(LU THE L-TH ACTIVITY ON THF OPISINAU CWITICAU PATH 

240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
263 
2S4 
285 
286 
287 
286 
289 
290 
291 
292 
293 
294 
295 
2 96 
297 
296 
299 
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c 
c 

P.B02 

851 WHFN   EACH   ACTIVIiy'S   COMPLE 
IS   =    ».EIS.5) 

KrPc»=   THE    NUMBER   QF    ACTIVITIES   ON  THE   ORIGINAL   CRITICAL   PATH 

TOTAL    =    P1INV( I ,NMMP1 ) 
KCPB=KKr» 
ICFITN(1)    =   NMM 
On   280?    I=1.KCPR 
ICRITNC H-l )    =   KP>( 1*1 ) 
ICBITP( I )=TnBtI ) 
X=TOTAL 
WRITE(6.851>    X 
KORMAT ( IHOtfiX , »THE    CRITICAL    PATH   TIME 

*TinM   TIMF    IS   SET   EOUAL    TO    ITS    AVERAGE 
WRTTEC6,7606)    KKK 

7606   FORMAT! 1H0.1CX,tTHE    «.lat»    NOOES   ON 
*WS   BEGINNING   WITH   THE    TERMINAL    NODE 

WRITE(6,77C7)    (KB(I),I = 1 .KKK ) 
77n7    FORMAT( lSX,2Ct 13,« , • ) I 

WPTTF(6,77n)    KKB 
FORMAT(1H0.JCX,•THF    •.la.«    CRITICAL   ACTIVITIES   ARE    AS   FOLLOWS   BEGI 

*NNINr,    *ITH   THE   TpRMINAL    ACTIVITY:!) 
WRITF(6,770T)     < IBH( I ) ,I = 1,KKB ) 
READ(5,2q?0)    THETA,LAMBDA 

FORMAT(2F5.2) 
WRlTE(6.3071)    THFTA,LAMBDA 
FORMAT(IHCflOX.«THETA        =    ».ElS^S«« 

THE 
!•) 

CRITICAL   PATH   ARE   AS   FoLLO 

7710 

2920 

3071 
C 
c 
c 
c 
c 
r 
c 

LAMBDA • .E15.5) 

SAM3I7   a   THF   NUMBER   OF   ACTIVITY   TIME   CONFIGURATIONS   TO   BF 
RANDOMLY   SELECTED   FOR   CONSIDERATION    IN   EACH   CLUSTER 

NOTF:     SINCE THIS   IS  A  RANDOM  SAMPLE   ,   SOME PERCENTILE 

CPMRINATIONS   MAY    BE   CONSIDERED   MORE   THAN   ONCE. 

PFAD   (S.32M) 
320<?    FORMAT     (110) 

SAMSI 7. 

r 
c 
c 
c 
c 

6*0? 

64C0 

6405 

THE COMPLETION TIME FOR ALL ACTIVITIES IS SET TO 
PFRCENTILF. THE RESULTING CRITICAL PATH TIME IS 
BOUND ON THF EXPECTED CRITICAL PATH TIME. 

THEIR LOWER 
A LOWER 

COPT AVJULABIf TO 000 DOES NOT 
rENnuiiiLY ma. PBODDCTION 

DO   fA02    1=1 »M 
CTIMHI I )   -   FLO< I) 
CALL   BINVA(R28C0) 
CPLO=    BIINVII.NMMP1) 
WRITF( 6.6405)    f.PLB 
FORMATI 1HC.5X.»A   LOWER   ROUND   ON   THF   EXPECTED   CRITICAL   PATH   TIME    IS 

s    •.FI5.f>) 
KKK 
(KR(I ».I«l .KKK) 
KKB 
( IBR( I ).1«!,KKB) 

WRITE!6.7606) 
WRITE(6,7707) 
WRITFI6.7710) 
WRITE(6.7757) 

C 
C 
c 

-c 
c 

6406 

6401 

THE    COMPLETION   TIME   FOR    ALL   ACTIVITIES    IS   SET   TO   THEIR   UPPFB 
PERCENTILE.      THE   RESULTING   CRITICAL   PATH   TIME   IS   A   UPPER 
BOUND   (.N   THE   FX'ECTED   CRITICAL   PATH   TIME. 

DO   6406   1=1,M 
CTIMF< I)   =   FHK I) 
CAIL   RINVA(r,28C0) 
CPUR=    JlINVM .NMM»! ) 
WRITF<Ö.640'J) CPUH 

300 
301 
302 
303 
304 
305 
306 
307 
56 a 
309 
3IC 
311 
312 
313 
314 
315 
316 
317 
318 
319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
3 36 
337 
338 
339 
340 
341 
342 
J43 
344 
345 
346 
34 7 
348 
349 
350 
351 
352 
393 
354 
355 
356 
3S7 
358 
359 
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6409  FORMAT { IHCiX, •* UPPPR BOUND ON THF EXPECTEO CRITICAL PATH TIME IS 360 

* = • , F 1 5 . 5 ) 361 
WRITFl6.76T6) KKK 362 
WRITF(6,7707) (KB( I ) . I = 1 «KKK ) 363 
WRITF(6,7710) KKR 364 
WRITF(6.7707) < IBB( I ).I = 1 .KKB) 365 

V 366 
C Frx I ) = THE LOWFR BOUND ON THE ExPFClED CRITICAL PATH TIME 367 
r PLUS l/lEOf    OF THF DISTANCE TO THE UPPFJ* BOUND 368 
C NLPFD(l) = THF OBSFRVED NUMBER OF CRITICAL PATH TlMFS 369 
C THAT ARE < OR= FDdl 370 
C FD AND NLFFD ARE USED TO BUILD AN «EMPIRICAL« DISTRIBUTION OF 371 
C THE CRITICAL PATH TIMES 372 
C 373 

C=(CPUg-CPLB>/IEr)F 374 
DO 6412 K-1,KCPB 375 
DO 641? r=l,lEDF 376 
FD{ T ) = CPLf3 + r*C 377 

6412  NL EFD( I » = 0 378 
r 379 
C THE ASSOCIATE GROUPS ARE NOW FORMED 380 
C 381 

WRITF(C,31f5> 382 
3165  FORMAT{ 1H1.SX. •TH? ASSOCIATES ARE NOW I DENTIFIEDt•I 383 

IITIT-l 384 
On 2P?5 1=1,M 385 

2825  CTIMF(I>=COT(I> 386 
I V«V»>»Q=ICPITP( I ) 387 
CHANG=    LAM'IOA + SIGMAC HKWWQ) 388 
TFx = CnT( 1V»\)I«IQ )-CHANG 389 

IF(TEX.LT.0.O )    CHANG=COT < IWKHKQ) 390 
CTIMF( IV»WWf3)=CnT( IWWWQl-CHANG 391 

CALL    BINVA(F,2R00 ) 392 

2801       CONTINUE 393 
IF( ISTAT( IviWWQ).F0.1 )    CALL   B I Ny 1 (t2282fi , CQT ( UNWWQ) .CT IME ( I »«WO» » 394 

♦ IW1KWO) 395 
REDCOM I tiWWQ»    -   REDCOSt Ill(WWO)*COT(IWV»WO)-CT IME( IwWWQI 396 

22825   CT IMF( IlllVi(WQ) = COT( TWWWQ) 397 

I«(WWQ=ICRlTO( I TI II ) 398 
CHANG=    LAMaOA*STGMA( IVKWWQ) 399 

TEX = COT ( I*»IIIQ)-CHANG 400 

IF(TEX.LT.O.O)    CHANG=COT{IWWWO» *ot 
CTIME{ l**»(0)=COT( IWWWQl-CHANG AOZ 
IF    ( ISTAT( IWWWQ» .EO.l )   CALL   BI Nyl (ti?2800, CTI ME< I *IKWQ) «COT( IWlllWQ » . 403 

♦IWWÄQ) *04 
RFDCOS( I W»»«(a>=REDCOS< t*HKWQ)-COT(II«WWQ) + CT IMEI IKWWQ) AO 5 
GO   TO   22800 *05 

c ♦o7 

C OFTERWJNE ASSDCIATF GROUP ♦OB 
C 409 
2910  NINAG(IIIII)«0 AlO 

DO 2911 K^l.KKB All 
KK=1 »I« 

?013  IF( IRB(K).EO.ICRITP(KKl > GO TO 2911 413 
IFCKK.GE.KCPB) GO TO 29 12 ♦!♦ 
KK=KK*1 ♦** 
GO TO i'i]  1 ♦** 

;»9|2      NINAGI II II n^NtNAGC « III I »♦! AIT 
ARRC.kPI I II lUNINAGI It IT T itvirtniK) •»« 

?OSl       ClINTlNUH ♦*' 



86 
»»RlTE<6.29!^)    IIIII tICRITpt I tl I I ) .MI NAG( I I I I t) 

2<}15      FOPMAT ( IHOtlOX.'THE   NUMBER   OF   ASSOCIATES   ASSOCIATFO   WITH   THE    ',131 
*»-TH   CRITICAL   PATH   ACTIVITY,    I.E.   ACTIVITY    «,13.••    IS   =    «,13) 

IDUCK=NtNAG(I I If II 
IF( ICHiCK.FQ.O )    GO   TO   28 10 
WRITE (6, 2«) 16)    ( ASSGRPI I I HI . I > • I = 1,1 DUCK) 

?916      FORMAT!IHO.lSXt»THE   ACTIVITIES    IN   THE   ASSOCIATF   GROUP   ARF   AS   FOLLO 
♦ WS» ,/,ISX.S^t13.» .• ) ) 

?81C       IIIII-I till«-} 
TFJ I I I I t .LF.KCPF»)   GO    TO    280 1 

r 
C 
C 
c 
c 
C 
r. 
c 
c 
c 
c 
c 
r 
c 
c 
c 
C 

C 

c 
c 

3021 
30?C 
r 
c 
c 

3031 

DETFRMINE   THE   CLUSTERS 

THE   CLUSTERS   ARE   POOLED   TOWARD   THE   TERMINAL   NODE 
NCLUS   =   THE    NUMBER   OF    NCN-EMPTY   CLUSTERS 
MNCL(I)    =   THF   NUMBFR   OF   ACTIVITIES   IN   THE    I-TH   CLUSTER 
INCLUSII.J)    =   THE   J-TH   ACTIVITY    IN   THF    I-TH   CLUSTER 
NCLINC(I)    =    THE    NUMBER    OF   CLUSTERS   COMPRISING    THE    I-TH 

CLUSTER    AFTER    POOLING 
CLINCH I,J)    =   THE   J-TH   CLUSTER   WHICH   HAS   BEEN   POOLED    INTO 

THE    I-TH   CLUSTER 

NCLINC   AND   CLINCL   HELP   KEEP   TRACK   OF   WHICH   CLUSTER   THE 
CRITICAL   PATH   ACTIVITIES   ARE    IN 

RFLOw FORMS CLUSTERS BY PUTTING FACH CRITICAL PATH ACTIVITY IN 
SFDARATE CLUSTER AND THEN ADDING EACH CRITICAL PATH ACTIVITY'S 
ASSOCIATFs   TO   ITS   CLUSTER 

NCLUS=KCP« 
DO    3r20    I=1,KCPB 
NCL INC( I )= ! 
CLINCLI I,1 )=I 
NlNCl   ( I )    =NINAG( I )♦! 
INCLUM 1,1 ) = 1CPITP( I ) 
IF(MNAG( I ).EQ.O )   GO   Tn   30 20 
IDUCK=NIKCL( I ) 
DO    1C21     J=?,IOUCK 
JJ=J-1 
INCLUS( I ,J)«ASSGRPI I,JJ) 
CONTINUE 

aK»s 

30?5 

BEI'1W POOLS CLUSTERS FORMED FROM ASSOCIATES 

IA=C 
IA=IA*1 
IF( I A.GF.KCPP)   GO   TO   303C 
IFINCLUS.EQ.I )    GO   TO   3030 
IDIA=NINCL(IA) 
IF(101A.FQ.O)    GO   TO   30 31 
IAASTAM 

DO    ^023    II=IAA,KCPB 
IDII=NlNCLm » 
IF<IDII.tO.O)    GO   TO   3023 
OO    30 ?S    IM.IfMA 
l>0    «0,"".    Jil.tT'Il 
iri INCLLSI ii.j).ro. INCLUSI IA.I n r.o rn 30?7 
CPNTINUli 
GO TO 3025 

420 
421 
422 
423 

425 | 
426 
427 
428 
429 
4 30 
431 
432 
433 
434 
435 | 
4 36 
437 
438 
4 39 
440 
441 
442 
443 
444 
445 
446 
447 
448 
449 
450 
451 
4 52 
453 
454 
455 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
468 
469 
♦ 70 
471 
472 
473 
474 
475 
476 
♦ 77 
♦ 70 
♦ 79 
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3027 

T0?g 

30?B 

■"lO 2 3 

30 30 
r 
C 

3035 

I. 3034 
1 c 

c 
r 
r 
C 

1 c 

I 

r 
c 

"■ c 
r 

, r 
' c 

31C4 

3110 
3 1C1? 

MC 7 
3101 
31C3 

■■    ■        ■.■■..■■■. 

NCLUS=NCL.US-1 

DO   3029   J=!.IDII 

On    302'i    I=1.IDIA 
IF( INcLLfK !I, J ) .F0.INCLUS(IA.t I)   GO   TO   3028 
CnNTlNUFT 
NI NCL( IA) = NINCL(IA)+l 
INCLUS{ IA,NINCU( 1A>     ) = INCLUS( I I .J) 

CCNTTNUP 
NINCL( I I ) = r 
NCI   INC( IA)=NCLINC( I A) + l 
CLINCL ( I A.NCLINCdA) »    =     II 

NCI. INC ( 11 )-0 
CONTINUE 
GO TO i^3\ 
CONTlNUF 

pnPY m\\ mi T8 CDC "OtS ROT 
SffiSSiE mm 

fFLOw   nFSCRIHES   CLUSTERS   AFTER   POOLING   BASEO   ON   THE   ASSOCIATES 

WRITF(6.3C33»    NCLUS 
3r33      FORMAT ( 1H1 ,10X ,• THfPF   ARE    «.IS,»    NIINFMPTY   CLUSTFR5   AFTER    POOLING   0 

*N   THF    RASIS   OF    ASSOCIATrS   ONLr.M 
I T = r 

On    3034    t^l.KCPB 
IFININCLt I ) .EO.O»   GO   TD    3034 

I 1=1 IM 
IOUCJ=MNCL( I I 

WPITF(6.30 3S)       I.( I^CLUS<I .Jl «J = l.IDUCj) 
FORMAT( 1HC ,10X,»THF   ACTIVITIES    IN   THF    »tlS.'-TH   CLUSTER    APE    AS   FOL 

♦LOWS:«./.ISX.SOIIS.«.')) 

CONTINUF 

DESCRIBES   IKHFRE   EACH   ACTIVITY    IS   BEFORE   ELIMINANTS   ^RE 

CONS tOERFO 

FXAMINF    =ACH   ACTIVITY    AND   DETERMINE    MH|CH   CLUSTFR.IF    ANY.     IT    IS 

IN. 
LFFTd»    =   0       IMPLIES   THAT   THE    I-TH   ACTIVITY    IS   NOT   IN   ANY 

CLUSTER 
lEFT(I)    =   J       IMPLIES   THE    I-TH   ACTWITY   IS   IN   THE    J-TH 

CLUSTER 

WPITF( <S.31 04) 
FnRMAT( IHO.ICX.«THE   CLUSTER   TO   WHICH   FACH  ACTIVITY   BELONGS:•./.15X 

*M7FRO    IMPLIES   THAT    T H"    ACTIVITY    IS   NOT    IN   ANY   CLUSTER»«) 

DO   310 1     I=1.M 
LFFT( I )=:0 
DO   3102   J=1.KCPB 
IF(NINrL(J».FO.O)   GO   TO   3102 

inuCK=NlNCL(J) 
no   3110   K=I,IOUCK 

in i .FO.INCI use J.K» »  GO TO  3iC7 
CONTINUE 
CONTINyF 
GO  Tr->   HOI 
IFfTII»sj 
WRMF(6,3103)    I,LEFTU) 
FOPMATCIH .ISX.'THE «,I3.«-TH ACTIVITY IS IN fHE «.IS.'-TH CLUSTFR 

*• ) 
INOEXI =1 

480 
481 
482 
483 
484 
485 
486 
487 
488 
4 89 
440 
491 
492 
493 
494 
495 
496 
497 
4 98 
499 
SCO 
501 
50? 
503 
504 
505 
506 
50 7 
508 
509 
510 
511 
512 
513 
514 
515 
516 
517 
518 
519 
520 
521 
522 
523 
J24 
525 
526 
527 
528 
529 
530 
S31 
53? 
533 
534 
535 
536 
537 
53« 
539 

^■^.a^nw^^a^^^^^ 
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c 
r 
r 
r 
c 
r 
r 
r 

LFFTOVE^S    APF   ACTIVITIf-S   NOT    IN   CLljSThPS   ATTTR   ASSOCIATPS   HAVF 
q^PN   CQNSIOFnFD   HUT    RFFOPF    FLIMINANTS   HAVF   RfcFN   CONSIDEPFO 

DfT^WMlNF   ThF   NUMBFP   n"-    LFFTOVtRS.    NLFFT 
IFPTn(L)    -   J       IMPLIFS    THAT   THF   L-TH   LEFTOVFR    1%    THF    J-TH 

ACTIVITY 

Nl FFT=T 
TO    Jt??    J=1,M 
I F (I FFT( J ) .NF .^ )    W   TO    312if 
NLFFT=Nl.l->; T«.) 
LFPTrKNl.Cf T ) = J 

1122       CONTIMUF 
l«(PlTF(»S,Tt?T)    NLFFT 

1121     FDDMAT    ( IHO, t rx,«THf-nr   AFF   • , I I . •   ACTIVITIFS   NIT   IN   ANV   CI.USTFR   YC 
*T. • ) 

«(PITE( 6,332 J> 
33?«       FOFMAT( IHl ,5Xt«THF   FLIMINANTS   OF    FACH   NON-CRITICAL-PATH    ACTIVITY   A 

♦ RF    NOW    OETE^MlNFO: • ) 
r 
c 
c 
r 
C 
C 

FIIMI\ANT«i    FHO   FACH   NQN-C R I T I CAL-P ATM   ACTIVITY   APE    NOW 
OFTERMINt O 

NNNCP    -    THF   NUMfJFr   r)F    ACTIVITIFS   NOT   ON   THE    CRITICAL    PATH 
NONCfMlF)    -    THf    LE-TH    ACTIVITY   NOT   UN   THF   CRITICAL    PATH 

COPY AVIUUBLE TO 000 DOES NOT 
PERMIT FIRLY LEGIBLE PRODUCTION 

NNNCF^-KC13^ 
Lr=r 
nn   fir-)    1 = 1,M 
J=l 

■SOI        IF( I ,t f) .TCWITOf j) )    GO   TO   bCOC 

J = J+1 
IF( J,L c .KCPS)     Cd    TO    «SOOJ 

**02       LF=LF*1 
N 3NCP(LF)^1 

^OO1*        CONTINlJF 
WRtTt(«,6015)    hNNCP 

S005      FflOMATI IHO .C?iX.»THFP?:    ARF    •.13. •    ACTIVITIES   NOT    ON    THE   CRITICAL    PA 
• TH.       THFY    APF    A<5   FOLLOWS:») 
IF(NNNCP.EO.O)    CO   TO   3124 
on ecc^   1=1.LE 

■500 6       «CMTFC 6.5r 07 >     I.NI)NCP(I> 

■5007       FnpMAT(lH    .l^X.Il.'. «.13) 
IF( KiNNCP.FO.C )    GO   TQ    3124 

3126      LF=LF*l 
IF    ( ISTATi IlKWtDO) .n.l )    CALL   PINVt(r,23127.COT( IWNMO) .CTIME( IWWWO) . 

*IftWWO) 
RFOCnS    (TWWMO)    =   PL DCOs ( IWWWO )-CT I MF ( IiKWWO) ♦CpT ( IWWWQ J 

?31?7   CCNTINUF 
CTIMFIIWWMO)     =    COT(lttWWO> 
C TIMFI NUNCPfLF) )    -   f nT ( NONC P( I 1   ) )    «•    T Ht T A*S I GMA ( NONCPO.E )) 
IF     ( I'.TAT (NdNCfMM  ) ) .KO,| )    CALL     H I NV U 177ei6,CT I MUlNONCPC LF I I , 

* '"("IT ( NUNCIMI F ) » «NONCPIl f  ) • 
PEDCPS (rM(:NC"P(LL) •«»»PDC'JSjNONr.PCl t ) »-COT (NOI^CPILF ) » fCT IMC ( NONCP( LF > 

*) 
77^,0    IWVtWO   s   NFNCPILE) 

wPITFIft.ll«?»    NCN<"r>(I.E) ,f TIMFINONCPUF) » 
31«!?      FORMAT! 1 HO«///f    «iX.^THf    COMPLFTION   T I MF   FOP   THI     «.II.'-TM   ACTIVITY 

SAO 
b41 
■542 
S4 3; 
»44 
545) 
546 
54 7  | 
548 
549   | 
550 
551 
55? 
553 
554 
555 
556 
557! 
55«! 
559 | 
560 ! 
561 
562 

563 
564 

565 
566 | 
567 
568 
569 

57C 
571 

572 
^73 
S74 

575 
576 

577 
578 

579 

sao 
581 
582 
583 

584 
585 
586 
58 7 

588 
589 

590 
591 
592 

59« 
595 

596 
597 

59« 

--■    ■ -   -    :.■./.■..  ..     '....-. . ..■...-... 
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3121 
r 
c 
c 
c 
r 
r 
r 
c 

3131 

3 130 

31 33 

3135 
3136 

C 
r 
c 
r 
c 

* HAS HtEN CHAHGF.D   TD 
GO TO ??«C1 
CCNTiWU^ 

.El 5.5 I 

r 
c 

c 

501C 
c 
c 
C. 
c 

c 
c 
r 

501 1 
C 
c 
c 
c 

DFTcpMtNE    THE   ELIMINANTS   OF    THE   LE-TH   ACTIVITY   NOT   ON   THE 
CPIrICAL PATH 

FGRP(J) 

=   THF   NUMRFR   OF   ELIMINANTS   FOR   THF   LF-TH 

ACTIVITY    NOT   ON   THE   CRITICAL   PATH 
=   THF    J-TH   ELIMINANT   FOR   THE   LF-TH   ACTIVITY 

NOT   ON   THE   CRITICAL   PATH 

NF=r 
DO    313-?    K-1,KCPR 
DO    31?1     1=1,KKB 
IF(TBB( I ».FQ.ICPITO(K» )    GO   TO   3 130 

CONTINUF 
NF=NF+1 
EGPPfNE)=ICPITPrK) 
CONTINUF 
WPITF{6,31?3)    NE.NUNCPILF) 

FOpMAT( 1H0.10X ,»THFHE   ARE    • . I 3. •    ELIMINANTS   CORRESPONDING   TO   ACTIV 
♦ ITV    •. t T) 

TFINF.EO.O )    GO    TO   3171 
DO   3135    K=J.NF 
WRITF« 6.3136)    K, NnNCP<L E).FGHP<K) 
F0RMAT(1H    .lAX.'THF    •,I3.»-TH   ELIMINANT   CORRESPONDING   TO   ACTIVITY 

*•,13.•     IS    ACTIVITY    •,13) 

DFTFRMINE    VKHETHFR   NONCP(LF)     IS   AN    ASSOCIATE 
JA    -    1        IF   NONCPILE)        IS   AN    ASSOCIATE 
JA    =    ?        IF   NONCP(LE)        IS   NOT    AN    ASSOCIATE 

K=NCNCP(LE) 
JA=1 
IF(LEFT(K ) .EQ.n )    JA=2 
IF(JA.EO.?)    GO   TO   5olC 
!T = LEFT(K ) 

THF     IT-TH   CLUSTER    IS   EXPANDED   TO    INCLUDE   ELIMINANTS 

GO   TC   501 1 
CONTINUE 

ITTTT    IS   THE   ACTIVITY   NUMBER   OF   THE   FIRST   FLlMlNANT 
IT    IS   TH?   CLUSTER   To   WHICH   THE   FIRST   ELIMINANT   CURRENTLY   BELONG 

ITTT=EGf;P( 1 ) 
IT=LFFT(ITTT) 
l-EFT(Nt NCP(LF) )=IT 

THF    IT-TH   CLUSTER    IS   tXpANOFD   TO    INCLUDE   ELlMfNANTS 

NINCLI IT ) = MNCL< IT)*1 
INCLuSC IT.NINCLI !T)) = NONCP<LE) 
IFtNF.BG.l)    GO   TO   3171 
DO   3172    JrJA.NE 

IU    IS   THE   ACTIVITY   NUMBFR   OF    THF   KiFXT   ELIMINANT 
IF    IU   IS    IN   CLUSTER    K,   THEN   CLUSTER   *    IS   POOLED    INTO   CLUSTER IT 

600j 

601 j 
602! 
6031 
604| 
605i 
606| 
6071 
608|i 
6091 
610? 
611 
612! 
613. 
614 
615 
616 
617 
618 
619 
620 
6? I 
622 
623 
6?A 
625 
626 
627 
62« 
629 
630 
631 
■»32 
633 
f;34 
635 
6 36 
637 
6 38 
639 
64 0 
641 
64? 
643 
644 
945 
646 
647 
648 
649 
650 
651 
652 
653 
654 
655 
656 
657 
658 
es« 
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31 «2 

3183 

31«4 
3172 
3171 

C 
c 
r. 
c 

3173 

317-» 

3175 

3176 

2776 

IU=EGRP(J) 

K^LPFT(IU) 
IF(IT.PO.K)    Go    TO    3172 
NCLU5;=Nri.US-l 
Iw=^^LINC fo 
DO    31P3    IA = 1 , IM 
LFFT< ICRITP(CLINrL(K, IA) ) >=IT 
NCLINC( ITI = NCL I NC(IT)♦1 
CL1NCL ( IT, NCLINCCIT))=CLINCL(K, I A I 
NCLINC(K)=n 
IW=NINCL(K) 

NINCLI K >=C 
DO   3184    IA=l,IW 

LEFT(INCLUS(K, IA))=IT 
NINCL (IT) = NINCL(IT)«-1 
INCLUS( IT,N!NCL( IT) ) = INCLUS(K,I A) 
CONTINUE 
CONTINUE 
IF(LE.LT.NNNCP)    Gn   To    3126 

END    OF    POOLING   f'ASFD 
DFSCnlPTIUN 

ON   FLIMINANTS    FXCEPT   FOR   THE    FOLLOWING 

CLUSTFRS.') 

323P 

C 
c 
c 
r 
3124 
C 
c 
c 
c 
c 
c 
c 
c 
60Cfi 

ll»PITF<6.31 73»    NCLUS 
FORMAT ( 1H1 .O'SX, «THFRE   APE    »,13, 
OO    317fi    I-l.KCPB 
IFININCL( I ) .LQ.O )   GO   TO    3176 
IDD=NINCL(I) 
WRITEt 6.3174)    NIMCL< I ). I ,( INCLuSI I,J» , J=l, IDO) 
FORMAT! IHO.l OX ,•THfcRF   A«E    «.IS,«    ACTIVITIES    IN   THF    «.13.'-TH   CLUST 

*FR.       THEY    ARF    AS   FrjLLOwS : * ./.20 X . 50 < t 3, • , • ) ) 
IDUCK=NCLINC( I ) 
l«RTTF<6«31 7S)     NCLINC( I ) . (CL I NCL ( I « J ) • J-1 • IDuCK) 
FORMAT< IHO.l5X ,I3,«    CLUSTERS   HAVE   «EEN   POOLED   TO   MAKF   THIS   CLUSTER 

♦ .    THFV    »ERE    AS   FOLLfWS: • ./. ?0X,50( I 3 . • . *» ) 
CONTINUE 
W^lTE    (6,2776)    SAMSIZ 
FORMAT    <///5X, •    THE    NUMBER   OF   PEHCFNTILE   COMBINATIONS   EXP 

OLICITLV   CONSIDERED    IN   DETERMINING   THE   UPPER   BOUNDS   AND   LOWFR   HOUND 
*St/,f>X, 'ON   THE    NfTWORK   COMPLETICN   TIMF   DISTRIBUTION   AND   THE   UPPER 
♦ROUNDS    ON    ITS    MOMENTS    IS   EQUAL    TO       «.IS) 

CALL    CLOCK(XRAN) 
lYUTS    =    XOAN 
WRITF    (6,3238)     lYUTS 
rORMAT    (1H0.5X,»THE    INITIALIZATION   PARAMETER   FOR   THE   SAMPLING    IS   I 

• Y    -    •, Mr ) 

STATEMENT    NUMBE«   3124   MARKS   THE   END   OF   POOLING  CLUSTERS   HASFD 
ON   LEFTOVERS   AND   FLIMINANTS 

CONTINUE 

THE FINAL CLUSTERS HAVF NOW BEEN DETERMINED 
THF ?«*N»NCL<I) RUNS ARE NOW AVERAGED FOR ALL I WITH NtNCL(ll>0 
THE IZ/i    ) A'?E USFD TO REpRFSFNT ALI OF THF ?*<«M|NCL 
POSSIBILITIES. 
THIS IS WHFBF THE BINARY REPRESENTAT ION IS CONSTRUCTED. 

6 601 
66t| 
6621 
6631 
664 
665| 
666 
667| 
66fl| 
669 
670; 
671 I 

IF( ICBCP.EO.1 ) ICBCPs? 

67? 
673 
674 
675 
676 
677 
678 
67<» 
680 
681 
682 
683 
684 
685 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705 
706 
707 
708 
709 
710 
711 
712 
713 
714 
715 
716 
717 
718 
719 

.. ■...■ ....... , .■.'   ■ :-.: . ■ 
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3200 

ft0 31 

3*10 

3310 

C 
c 

r 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
r 
c 

INDEXL=2 
I R=r 

IR=IRM 
DO   6r31    T=l,10 
MCWFNT(IP,I»    =    0,0 
IF ( IP,CiT,KCOB)    GO   TD   3208 
If7(NTNCL( IP) .EO.O)    GD   TO   3200 
ir)UCK = Nr.LINC( IP) 
00   3410    1 = 1,I DUCK 
K=rLIN(-L( IR, I ) 
CONTINUE 
L=ICRlT':,<K ) 
IP = r 

NIB 
PNI fl      = 

NSAVF    = 

KNIR       - 

IN   THE   SAMPLF 
PFBCFNTlLE   COMBINATIONS 

NUMBER   OF   PERCENTILE   COMBINATIONS 
PFRCFNTAGF    OF    THF    TOTAL    NUMBER    OF 
Fx^LIClTLV    CONSIOEPFO 
VECTOR    CONTAINING   THE   LOWER   BOUNDS   ON   THE  NETWORK 
COMPLFTION   TIME    DISTPIOUTION    TO    BE    AVERAGED   WITH   THE 
UPPER    ROUNDS   ON   THF    NETWORK   TO   YIELD   THE   AVERAGE   NETWORK 
rOMPHiTIDN   TIME    DISTRIBUTION. 
NIR    ASSOCIATEO    WITH   NfiAVE, 

!r=NINCL(IR) 
iB = 2«*NlNCl. ( IR ) 
IDHALL   =    1    MEANS    ALL   PERCENTILE   COMBINATIONS   ARE   FXPLICITLY 

CDNISTDFPFD. 
imAll      =   0    MEANS    TO    SAMPLE. 

incALL   =  n 
IF    (SAMSIZ,LE.O.OP.SAMSIZ.GE.IB) 
DP    3?2?    I=t,M 

322?   CTIME( I)    =   COT(I ) 
GO   TO   SOOC? 

IDOALLal 

C 
C 
C 
c 
320* 

6032 

9900 

6420 

10PC1 
?ooor 

r 
c 
c 
r. 

*■   Bl 1NV< 1 .NMMP1 1**1 

STATEMENT    3204       IS   THE   RE-ENTPY   POINT    FROM   THE   DUAL   SIMPLEX 
ALGORITHM   WHEN   A   CLUSTER   AVERAGE    Is   BEING   COMPUTFO 

CONTINUE 
IF    (iDLfl.EO.l)    GO   TO   Q90C 
DO   f032    1=1,10 
MOMENT(IR,I)    =    MCMENT(IP,I) 
IF    UC!3CP.NE.2)    GO   TO    1000 1 
X-r    PI f NV( 1 .NMMPl ) 
x=x-i.on-io 
I=r 

1=1 + 1 
IF(X.GT.FD(I))    GO   TO   6420 
NLEFDt I )    =   NLEFOd )    ♦    1 
CONTINUE 
IP = IPM 
NIB   =   NIB-H 

GENERATE   NEXT   PERCENTILE   COMBINATIONS   TO   BE   EXPLICITLY 
CONSIDERFD. 

IF <IDQALL.EQ.C» GO To 20500 
....      ..■■:    J..L11: L..'.■..-ü^iW, 

720 
721 
722 
723 
724 
72S 
726 
727 
728 
729 
7 30 
731 
732 
733 
734 
735 
736 
737 
7 38 
739 
740 
741 
742 
743 
744 
745 
746 
747 
748 
749 
750 
751 
752 
753 
754 
755 
756 
757 
758 
759 
7'60 
761 
762 
763 
764 
765 
766 
767 
768 
769 
770 
771 
77? 
77,1 
774 
779 
776 
777 
778 
779 
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IF    (IP.GT.IR)    GO   TO   320 7 
RAN^AM    =    1° 
GO    TO   20^1 

^C5C0    IF    ( NIB.GT.SAM^IZ)    GO   TO    3207 
IYUTS    =    IVUTS^ff^?« 
IF    (IYUTS)    6210.6211,6211 

6210 IYUTS   =    IVUTS+?147ft83647*l 
6211 XPAN    =     IYUTS 

XRAN = XRAN^.^fiSoftl3F-9 
RAN^AM = XPANäOFLOATCIB-1) ♦ 1 
rONTTNUF 20501 

C 
C 
c 
c 

CONVFCT    THF   RANOPM   NUMBFR,    RANSAM,    TO   A   BINARY    NUM3FR   TO   DEFINE   A 
PfTRCENTlLP    COMBINATION. 

IZ*FL0(L)    ♦   FLO(L) 
B505 

120 7 

60 30 

3?cn 
6362 

KRAN   =    PANSAM 
oc ec.C5   1 = 1,ic 
IHALF    =    KRAN/? 
IZ    =   KRAN    -    IHALF*2 
L    =    INCLUSi1^,I» 
CTlMF(L)    =    IZ*FHT(L)- 

KRAN    =     IHALF 
CALL   t?INVA(6?HriO) 
NIR   =    NIB-1 
IF     (IDLB.FO.l)    GO   TO   9011 
On    6030    1=1.10 
MOMFNT(IR,I)    =   MOMENT!IK,I)/NlB 
IF    (ICBCP.ET.2»    GO   To   60 11 
GO    TP    3200 
WRITF    (6,6 362) 
FOPMAT     (1H1) 
PNTB   a    OFLOAT(NIB«1C0)/OFLOAT( IB) 
IF    (SAMSI7 .LE.O )    WRlTt<6,6C4b) 
IF    (SA4SI7.GT.C)    WRITE« 6,6r«>^)    SAMSIZ 

6056   FORMAT!    5X,«    THE   FOLLOWING   TABLE    WAS   COMPUTER   CONSIDERING   AT    MOST 
♦ '.IP.'     FERCENTILE   COMBINATION«!     ••) 

60*6   FOPMAT(    5x , '    THE   FOLLOWING   TABLE   WAS   COMPUTED   CCNSIDERING   ONLY    •, 
♦ Ifl.«    PE^CeNTlLF   COMiTINATIONS   OR       •,F6*2,<   PERCENT   OF    ALL   CQMBINA 
♦ TICKS.• ) 

60*5 FORMAT (SX,« THE FOLLOWING TABLE WAS COMPUTED CONSIDERING ALL PERC 
♦ENTILE COMBINATIONS.«) 

DO    10000    J=1.10 
ITMAX=0 
TMAX=C. 
DO   5021     1=1,KCPB 
IF(NIMCL(I).FQ.O)   GO   TO   5021 
IF    (MOMENT! I,J) .LE.TMAX)    GO   TO    5021 
TMAX   =    MCMENT(I,J) 
ITMAX=I 

5021  CONTINUE 
WRITE (6.5023) J , J,MOMENT«ITMAX,J) 

5023  FPRMAT (1H0,5X,»A LOWER BOUND« T-(•,I 2.•;THETA«LAMBDA)» ON TMf • 
*, I? ,«-TH MOMENT OF THE NETWORK COMPLETION TIME ■ «.PI«.*» 

lOOCO  CONTINUE 

r 
C BEGIN THE PROCEDURE FOR DETERMINING UPPE» BOUNDS ON THE MOMENTS 
C OF THF NETWORK COMPLETION TIME AND LOWER BOUNDS ON THE 
C DISTRIBUTION OF THF COMPLETION TIMES, 
C 
r 



UM 

93 
c 
c 
r. 
c. 

^001 

6000 

ftOOl 

6C0S 

fi004 
fiO^? 
r 
c 
r 
c 
r 
r 
c 
c 
c 
r 
r 

6006 

6007 

7101 

6011 
6?64 

10009 
601? 

POOL    ALL   OF   THE   PREVIOUS   CLUSTERS    INTO   ONE   CLUSTER 
NCL    =      THE    INDEX   OF   THE   RESULTANT    PPOLFD   CLUSTER 
NNCL   =    THE    NUMBER   OF   ACTIVITIES    IN   THIS   POOLED  CLUSTER 

IF(NCLuS.GT.l)    GO   TO   6000 
I*C 
1=1 + 1 
IF(MNCL(I > .HQ.O )    GQ   To   6C01 
NCL = I 
GO   TO   5CC2 
NMAX    =    0 
nn  fcoi   I=J,KCPB 

IF<NINCL(I).LE.NMAX»    GO    TO   60C3 
NCL   =1 
NMAX=NINCL(I) 
CONTINUE 
DO  ecoA   i=i,KCPra 
IF(NINCL( 1) .60.0)    r,n   TO    6C04 
IF(I.FC.NCI.)    GO    TO   60C4 
K=MNCL(NCL) 
JJ=MNCL( T ) 
NINCL« I )-* 

DO   6005    J=l.JJ 
K = K + 1 
INCLljSC NCL,K) = INCLUS( I . J) 
NINCLI NCD^NINCLCNCD+JJ 
CONTTNUH 
NNCL-NINCL(NCL ) 

THE    UPPFR    HOUNDS,    T+(R.THETA,LAMflDA»«    ARE   NOW   DETERMINED. 

FOR    THF    SAKE    OF    NUMERICAL    ACCURACY    THE    ^ERT    PROBLEM 
WITH   NEW   ACTIVITY    TIMES    IS    INITIALLY   SOLVED   FROM   SCRATCH 
INSTEAD   OF    UPCATING   AN   OLD   SOLUTION.       AFTER   THIS 
REINJTIALTZATION,    THF   REMAINING   CRITICAL   PATH   TIMES    ARE 
DFTERMINED    BY    UPDATING   THIS    SOLUTION. 

DO   ecr*   I=1,M 
CTIMEI  I ) = FHI<  I ) 
COT(I)=FHl(I) 
00 6007   J=1,MNCL 
1 =INCLUS(NCL,J) 
CTlMEf t )=.5*(FLO< I    »♦FHKI    )) 
DO   710 1    1 = 1.1 EOF 
NLEFDd )   =   0 
ICnCP=I 
on TO 60ic 
WRITE (6,6?6A) 
FORMAT!///» 
PNIB   =    DFLnAT{Nia*100)/DFLoAT( IB) 
IF    (IDOALL.EQ.C»   WKITE(6,6C46>    NIB.PNIB 
IF    (IDOALL.EQ.l >    MR ITE(6.6046 I 
DO   ICOCJ   J=l . 10 
WRITE    (6.6012)    J.J.MOMENT(NCL.J» 
FORMAT    (IHO.SX.'AN   UPPER   BOUND.    T*<•, 12 ,» JTHETA,LAMBDA» .    ON   THE    • 

*.I?.«-TH   MOMENT   OF   THE   NETWORK   COMPLETION   TIME   «   '.EIR.S» 
DO   6<JfO    I = ?,IEDF 

■■ ■■.■■ ...:■:-■■,. ,.  ., ■ 

840 
«41 
84 2 
843 
844 
845 
846 
847 
848 
849^ 
850 
851 
852 
353 ; 
854 j 
855 ; 
656 
857 
858 
859 
860 
361 
862 
863 
«64 
865 
866 
867 
868 
H69 
870 
871 I 
872 
873 j 
874 • 
875 
876 J 
877 
878 I 
8 79 
880 
881 
882 
883 
884 
885 
886 
887 
888 
889 
890 
891 
«92 
893 
894 
89S 
896 
897 
818 
899 
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94 
11=1-1 900 

fi90C       NLEFOil)   =   NLEPO(I)    ♦   NLEFD(IIJ 901 
WPITE   (6.6362» 902 
PNIB   =   OFLOATCNIB*100)/DFLOAT(IB) 903 
IF    (IDOALL.EQ.O )    WRITE(6,6046>    NlB.PNIB 904 
IF    (IOOALL.EO. 1 )    WK(ITE(6,6045) 905 
WPITF(6,64?1) 906 

6423      FORMATtIHC.Sx.    «A   LOWER   BOUND   ON   THE    NETWORK   COMPLFTION   TfMp   DlSTR 907 
♦IBUTIDN:  F-(,;THETA;LAMBOA»«) 90B 

KNIH   =   NIB 9C9 
On   fi421    I=l,IEDF 910 
NSAVE( t)=NLFFD( I » 911 
X=NLFFO(T> 912 
X = X/NI'3 913 

6421 Vl(RITE<6,f422)    FO( I ) . THFT A ,L AMBDA, X 914 
6422 FOPMATUTx.'F-t • ,E15.5, • ;«,F15.fi,»:« ,E15.5.M = «.EIS.5) 915 
C 916 
C ^17 
C BEGIN THE PROCEDURE FOR DETERMINING UPPER BOUNDS ON THF 918 
C NFTWORK COMPLFTION TIME DISTRIBUTION 919 
C 920 
C FOR THE SAKF OF NUMERICAL ACCURACY THF PgRT PROBLEM 921 
C WITH NEW ACTIVITY TIMES IS INITIALLY SOLVFO FROM SCRATCH 922 
C INSTEAD OF UPDATING AN OLD SOLUTION. AFTER THIS 923 
C REINITIALIZATION, THE REMAINING CRITICAL PATH TIMES ARF 924 
C                        r)FT~nMIN^D   BY   UPDATING   THIS    SOLUTION- 925 

DO   orP6    1=1,M 926 
CTIME( I »=FLO( I> 927 

9006 COTCt »=FL0( I ) 928 
00 «3007   J=1,NNCL 929 
1 MNCHJ5(NCL, J) 930 

9007 CTIME( I ) = .5*{FLa< I     »«-FHId    )) 931 
DO   91-il    1=1 , IFOF 932 

9101       NLFFDdl   =   0 933 
ICBCP   =    1 934 
IDLB   =    I 935 
GO   TO   6010 936 

9011     on  pqqo   l = 2,lf:oF 937 
11=1-1 938 

9990       Ml FFD< I )   =   NLFFO(I)    ♦•   NLFFD(II) 9 39 
WRITE    r6,6?'64» 940 
PNIB   =   nFLOAT(NIH*100)/DFLOAT<IB» 941 
IF    (IDOALL.EQ.O»    WRITE(6,6C46)    NIB,PNlB 942 
IF    (inoAlL.FQ.1)    WRITE(6,6045) 943 
WPITF(6,<34?3) 944 

q423  FHPMAT«IHO.SX,«AN UPPFR BOUND ON THE NETWORK COMPtETION TIME DlSTR 945 
MBUTION: F*! , ;THFTA;LAMBDA» • > 946 
OP 9421 I=l,IFOF 947 
X = NLEFO(I) 948 
X=x/Nn 949 

9421 WRTTF(6,9422» FO(I»,THETA,LAMBOA,X 950 
9422 F0RMATC17X»«F*C»,P15»5»«»•»flS.St•»•tPlB««»»! ■ «.EIS.S» 951 
C 952 
C         THF APPPOXIMATE NETWORK COMPLtTION TIMF DISTRIBUTION 953 

WPITF (6,6362) 954 
C 955 

WRITF<6,9472) 956 
0472      FOPMAT(1H0,5X,•AN   APPROXlMATt   NFTWORK   COMPLETION   TIMF   DISTRIBUTION 957 

*;•.//.l5X, »F« .ITHETA,LAMBDA)    =    .5   ♦    (    F4-( .; THFT A .LAMBDA »    ♦   F-f.JTM 95B 
*ETA,LAMBDA»    »•,//) 959 

■        ■ - ■.•■ ■ ■:'■.■■...... ■    .   . . ■.   ... . .        . 



.„»»^»»»•■»«»»««WIW»*»'!* 

95 

DO   9471    I=1.IEDF 
X   =    .5*OFL04T (NSAVEM n/KNIH*.6*DFL0AT(NLEF0(n »/NIB 

9471       -RITr(fi,q47U    FOJ 1) .THETA.LAMBDAtX 
9473      FnPMAT(17X,«    F( •fElS.5,»J•,P15.5.,;• tEl5,5. • )    =    ».EIS.S) 
«99 WPlTe(6,e50» 

STOP 
END 
SUBTUTINF   DINVA(*) 
IMPLICIT   RFAl.*8   (A-H,0-Z) 
COMMOM   31 INv.PFDCnS.CTlMF.XBl.INBASEtIHEAO.ITAICtNMMPl,NMM,N,ISTAT 
CC1MMPN    ^.MPl 
OIMFNSION      I STAT(100) ,IHFAOI60),ITAIL(60).XB1(41 ) 
DTMFNSICN    }1 INV{41,41 ), INHASE(40),CTIMECI 00»,REOCOS(100» 

C 
c 
r 

r 
c 
r 

c 
c 
r 

c 
r 
r 

r. 
c 
c 

r. 
r 

C 

UPDATF   THF   FIRST   RO*   OF   BlINV   AFTER   CHANGING   CTIME 

DO    1    I=?,KMMP1 
91 INVC1.1)    =   0.0 
DO    1    J=?^MMP1 

1 BlINvn.I)    a   BIINV(I.I)    ♦   PI INV(J, I)«CTIME(!NBASE( J-l» ) 

UPOATF V^LUE OF THE OBJFCTIVF FUNCTION 

XB1(1) = BIINVCl.NMMPl) 
RETURN1 
END 
sunonuTiNF  DINVI   ( *,TMNFW.TMOLD.ID) 
IMPLICIT    RPAL*8    (A-H.O-Z) 
COMMON    BIINV.PEDCOS.CTIMF.XBI.INBASE.IHEAD.1TAIL.NMMP1,NMM«N,ISTAT 
COMMON    M.MPl 
OIMFNSICN  ISTAT(ICO) ,IHFAD(60>,ITAIL(60).XB1(41 | 
DIMFNSICN ,31 INV(4 1,41 ) , t NBASE (40). CTIME (100) .REDCOSdOO) 

COMPUTE THF RCOCOS CORRESPONDING TO ONF CHANGE IN CTIME 

DO ? 1=1,NMM 
2 IF(INBASF(I).FO.IO)    II=I*1 

DIFF   =     TMNfÜÄ-TMOLD 
TMNFK    IS   THE   NEw   TIME   AND   TWQLD   IS   THE   OLO   TIME   CORRESPONDING 
TO   THE   SINGLE   CHANGE    IN   CTIME 

DO 1 K=l,M 
IF(ISTAT(K).EQ.l) GO TU 1 
9EDrns(K) = REDCas(IC)-DIFF»(BllNV(n ,IHEAD( K)*l) - 

•    R1INV( I I, ITAIL( K)*l ) ) 
1 CONTINUE 

DP    1   K=MP1,N 
IF    (ISTAT(K>.EQ.lI   GO   TO   3 
RFDCOS(K)    =   REOCnS(K)    -   DIFF*B1 INV( I I.K-M* I ) 

3 CONTINUE 

UPDATE   THE   FIRST    ROW   OF   BlINV   AFTER   CHANGING   CTIME 

DO 10 I=2,NMMP1 
flllNVd ,1 )=B11NV(1 . D+OIFF^Rl INVUI. I ) 

|0  CONTINUE 

UPDATE VALUE OF THE OBJECTIVE FUNCTION 

XBl(l) = BlINV(1.NMMP1) 

96 
96 
962 
963 
96 
965 
966 
96 
96 
iJ69! 

970 
971 
972 
97 3; 
974 
975 
976 
977 
978] 
179} 
980 
981 
982 
983 
984 
985! 
986 
987 ' 
988 
989 
990 
991 
992 
993 
994 
995 
996 
997 
998 
999 
1C00 
1001 
1002 
1003 j 
1004 
1005 
1006 
1007 
1008 
1309 
1010 
1011 
1912 
tots ; 
1014 ; 

1015 
1916 
1017 
tOlA 
1019 

..... 



RFTURNt 

96 



— .■ ■ ■ 

Original Subnetwork Analysis Program: Flowchart 

97 

Read subnetwork description 

Set each activity's completion time to Its average 

Determine' the activities on this original critical path 

Read the algorithm parameters 6, X 

Set each activity's completion time to Its lower percentile 

Determine the activities on this critical path. (This critical path 
completion time is an lower bound on the subnetwork completion time.) 

i 
Set each activity's completion time to its upper percentile 

Determine the activities on this critical path.  (This critical path 
completion time is a upper bound on the subnetwork completion time.) 

Determine the associates of each original critical 
path activity and the initial clusters 

Pool clusters 

Determine the ellmlnants of each non-critical path 
activity and pool the new clusters 

Describe the final dusters 

Determine T-(•; 0, X) 

■•■  •--;-- ■ .^L ■ :, ■*dme*.- ■■. 
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Pool all clusters 

^ ̂ 

Determine T+(*; 9, X) and ?-(•; 6, X) 

T 

Determine F+('; 6, X) 1 

■J/ 

Determine the approximate subnetwork 
completion time distribution, ?(•; 6, X) 

V 

STOP 

98 
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APPENDIX D 

Monte Carlo PERT Simulation Program 

The Monte Carlo PERT Si   alatlon Program will generate a random 

sample of network completion times. The required input is 

(a) an acyclic network with one sink, 

(b) parameters describing each activity's completion time 

distribution, and 

(c) the size of the random sample to be generated. 

Currently, the program generates each activity's random sample of completion 

times from a chi-square distribution with 3 degrees of freedom that has 

been linearly transformed to have specified 15-th and 85-th percentiles. 

The activity time distribution can be easily changed. The basic output 

is the ordered sample of random network completion times and the correspond- 

ing empirical distribution function. The critical paths associated with 

the simple of network completion times are not determined. 

The generation of the random sample of network completion times 

involves only one network but varying values of the individual activity 

completion times. It is computationally faster to find the network 

conpletion time for a new set of activity completion times by "updating" 

the network completion time for a previous set of activity completion 

times than it is to start all over each time. Since the Simplex 

Algorithm applied to the dual of the PERT problem is ideally suited 

for this type of "updating", the basic computational technique for 

determining the network completion times is the Simplex Algorithm 

(see e.g., 6. Hadley, Linear Programning). 
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A listing of the Monte Carlo Simulation Program is given at the 

end of this appendix. 

Specific Input Instructions; 

Card 1.  Col. 1-3 : The number of activities in the network. Format (13). 

Col. 4-6 : The number of nodes in the network. Format (13). 

Card 2.  Col. 11-15: The number of random network completion times to 

be generated. Format (15). 

Col. 21-25: The number of parameters needed for generating the 

random activity completion times. Format (15). 

For each activity one card with: 

Col. 11-15: The origin node of the activity. Format (15) 

Col. 21-25: The terminal node of the activity. Format (15) 

Col. 31-40: Parameter 1. The 15-th percentile of the activity's 

completion time distribution. Format (F10.4). 

Col. 41-50: Parameter 2. The 85-th percentile of the activity's 

completion time distribution. Format (F10.4) 

The nodes should be numbered 1, 2, ..., n with the sink being nuober n. 

Exanple: 

The program's input and output are illustrated in terms of the network 

in Figure D-l. 

. - ■■■ 
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SAMPLE INPUT 

58  33 
5 2 

01 1 2 
02 8 12 336.27 429.47 
03 2 3 57.47 89.96 
04 2 4 57.47 89.96 
05 2 5 57.47 89.96 
06 2 6 57.47 89.96 
07 2 7 57.4^ 89.96 
08 3 8 68. 'u 107.95 
09 4 8 68.   6 107.95 
10 5 8 68.   0 107.95 
11 6 8 68.V6 107.95 
12 7 8 68.3>6 107.95 
13 2 8 150.36 193.49 
IA 6 10 333.96 403.85 
15 3 9 333.96 403.85 
16 7 11 355.10 409.85 
17 U 18 141.75 221.90 
18 10 13 672.36 783.11 
19 9 14 560.89 660.00 
20 9 15 560.89 660.00 
21 9 16 560.89 660.00 
22 U 17 542.80 638.71 
23 12 18 111.10 173.92 
24 18 19 256.03 346.98 
25 12 19 302.80 400.67 
26 12 20 311.95 410.71 
27 11 21 423.58 530.74 
28 12 22 315.35 415.71 
29 19 20 7.66 11.99 
3Ü 20 21 16.77 22.55 
31 21 22 11.49 17.99 
32 22 23 39.54 48.87 
33 12 26 301.91 400.86 
34 5 26 767.09 892.74 
35 12 27 350.31 460.06 
36 12 24 382.32 464.98 
37 12 25 385.28 461.54 
38 25 24 11.49 17.99 
39 24 23 16.28 23.00 
40 26 27 7.66 11.99 
41 27 25 20.86 28.29 
42 4 28 810.17 976.10 
43 23 29 15.32 23.99 
44 28 30 15.32 23.99 
45 14 31 57.47 89.96 
46 16 31 49.81 77.96 
47 15 31 53.64 83.96 
48 17 31 88.12 137.94 
49 31 32 3.83 6.00 
50 32 13 49.81 77.96 
51 13 33 109.01 152.63 
52 11 32 745.50 811.32 
53 10 32 714.74 799.83 
54 30 14 
55 30 16 
56 30 15 
57 29 17 

4i 
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PROGRAM LISTING 106 

C 1 

C                          MONTE    CftRLO   PERT 2 

C 3; 
IMPLICIT    HFAL«8    (A-H.D-Z) 4], 

C                        FOR    THF   SAKE   OF       IDENTIFYING   THE    APPROPRIATE   DlMENSIONSt LET                              5 
r                                        M   *   THE   NUMFiER   OF   ACTIVITIES    IN   THE   NETWORK 6! 
C                                          NMM   =    NUMHFR   OF    NODES    IN   THE    NETWORK 71 

C                                          NMMOl     -    KMM   *•    1 6] 
C                                             N    =    M    4-    NMM '                     9) 

C                                       NTRIAL   =    NUMFIER   DF   SIMULATED    SFTS   OF   ACTIVITY 10 

C                                          CCMPLETIQN   TIMES II j 
c                             NPARM = NUMBER  OF PARAMFTERS  NFEOEO FOR GENERATING RANDOM \zl 
C                                        ACTIVITY   CUMPLETIQIJ   TIMES   FROM   A   PARTICULAR   DISTRIBUTION 13 

r 14 
C 15 
C                 INTFGFR    TAIL(     M),HFAD{    M»tPARM(M,NPARM),TIMES(NTRlAL) 16 
C                DIMfN^fCN   31 INV(NMMP1 .NMMPI ),CT IME(N) .XBKNMMPl» .YKNMMPl ) 17 

C                DIMENSICN   R^DCnStN) ,ISTAT<N)i INHA5E(NMM) ,CDFtS),NSPEC( 20 » 18 

C 19 
C 20 
z                  CURRENTLY   THF OIMENSIONS ARE   SET  FOR 21 
C                                     M=60 22 

C                                     NMM=40 23 
NTPTAL = ?0f)O 24 

25 
26 

,., -    , 27 
IMTEGFR    TA1L(60) ,HFAD(frC )iTRIAL.NSPEC<20> 2B 

DIMFN^ICN    1NBASE(40)tPARM(60t5),CDF(5),TIMFS(2000) 29 

OIMFNSICN   nllNV(41,41) tCTIME(100 ) 30 
DIMENSION    XSl (41 ) .Yl( 41 ) ,REDCQS( 100) tISTATl10f) 31 

CGMMTN    31 INV,RFOCOS,CTIMF,XB1. INBASF•HE AD,TAIL.NMMP1 , NMM,N11 STAT 
CrVMON    M.MPl 

DATA   NSPFCd ) ,NSPEC{5 ) .NSPEC(9) ,NSPEC<13) «NSPFCI 17) /5*« <NON»/ 32 
DATA   NSPEC(2)•NSPFC(6).NSPFCI10)«NSPECt14).NSPEC(18)/5*,F   SP»/ 33 
DATA   NSPFCC?) ,NSr«tHC(7) ,NSPEC( 1 1 ) .NSpEC« 1 5 ) . NSPEC < »9 )/5» • ECI F • / 34 

DATA   NSPEC. (4 ) ,NSPFC(3 ) . NSPEC < 12 ) ,NSPEC< 16),NSPFC{20 »/5** lED) •/ 35 

DATA    «LANKS/*               */ 36 
r                          Ms    THE    NUMHFR   OF    ACTIVITIES    IN   THE   NETWORK 37 

C                          NMM    =    THE    NUMHKR   OF   NODES    IN   THE    PERT    NETWORK 38 

DFAD(5.100)        M.NMM 39 
100          FORMATC?!"!) 40 

N=NMM+M 41 
MP1=M-M 42 
IvjMWpI-NMM+l 43 

TPI4L    =    C •♦ 
C. 45 
C                          SIMULATION    VARIABLES 46 
C 47 

C                                        NTRIAL    =   NUMBER   OF   SIMULATED   SFTS   OF   ACTIVITY 48 

C                                          COMPLETION   TIMES 49 
C                                        NPARM   =   NUMBER   OF   PARAMETERS    NEEDED   FOR   GENERATING   RANDOM 50 
C                                        ACTIVITY   COMPLETION   TIMES   FROM   A   PARTICULAR   DISTRIBUTION 51 
r                        TIMES   «   VFCTOP   CONTAINING   THE    OPTIMUM   VALUF   FOR   FACH   TRIAL 52 
C                        PARMd.l)    =   THE   LOWER  PERCFNTlLF   POINT   FOR   THE   I-TH   ACTIVITY 63 

C                        PARMdt?)    =    THF   UPPER   PERCENTUE    POINT   FOR   THE   I-TH   ACTIVITY 54 
r 55 

C 56 
REAP   (S.PS'M)    NTRIALtNPARM 57 

r 58 
C                        THF    ACTIVITIES   ARE   DESCRIBED    IN   TERMS   OF   THEIR   NODES 59 
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C II=THF TAIL NOOF, THE ORIGIN NODE 
C JJ=THF HEAD NODE, THE TERMINAL NODE 

DO   MO    1 = 1 .M 

RFAD(5,250n     I I ,JJ, (PAPM( I .J) t J = I .NPARM) 
FORMAT ( 1 CX, I5,5X, 15,    SX.SFICA) 

TAlLd )    =    II 
HHArX I )=JJ 
NNPABM    =    4*NPAPM 

DO    ?22    1=1.NNPARM 

NSPFC( I )    =    rjLANKS 

WPITr(6t?700) 
FDPMAT ( 1H1 .I'SX, • INITIAL     INPUT«) 

WRI TE<6.2701 ) 
FORMAT(1H0,10X,«ACTIVITY       DRlKIN 

♦ APAMETEF   2 PARAMETER    'S 

WRlTF    (6,250^)     <NSPFC(I > ,1 = 1 .20) 
FORMAT     t41X,4A4,4(1X,4A4)) 

DO   2704    1=1,M 
WOITE(6.2702)     T,TAtL<I),HFAD(I),(PAPM(I,J),Js),NPARM) 

FORM AT (IN    ,13x,I3,5x,l",»7X,I3,lX,5(7X,F10.*)) 

107 

2501 

610 

22? 

2700 

27ol 

250 9 

2 704 

2702 
r 

1C"> 

20T 1 

2002 

ia 
i" 

30 

TERMINAL 
PARAMETER   4 

PARAMETER   I 
PARAMETER 5«) 

DO    104    1=1,NMM 
TNRASF( I ) = M-f I 
DO   2001     J=l ,M 

ISTAT(J)=0. 

no   2002    J=MP1,N 

ISTAT(J)=l 
DO    lr    IT=1,NMMPI 

nn    12   L =1 ,SMMP1 

Rl INV(1   ,11)    =    (V. 
Bl INV<  I I,I I )    =    1 . 
OO    3^     t =1 ,NMM 
XRl(T)    =    0. 
XBKNMMPl)    =     I. 
TOLRl = l .CD-I 9 

OC    ^SftlO I = MP 1 , N 
5561 0 CTTMEd ) =   0. 

350 CONTINUE 

C 
c GFNCPATF A    SFT    OF   ACTIVITY 

r 
COMPLETION   TIMES 

C 

C 
C 

c 
r 

TRIAL    =    TRIAL    +    I 
CALL   PANTIM    (CTIME,PAPM,M) 
CALL   BINVA    <f,2800) 

START    THE    SIMPLEX    ALGORITHM 

SOLVF   THF    DUAL   PROBLEM 
THE    NUMUEH   OF   VARIABl.FS    IS 

FOR    A    TOTAL    OF   N    VARIABLES 

M   REAL   ♦   NMM   SLACKS 

2800   DO   23   J=1,N 
RATS   =    0. 
IF    (ISTATIJ).EO.1)   GO   TO   52fl00 
IF    (J.GT.M)    GO   TO   22 
RATS   =-BlINV(l.HFAD(jm»*nlINv(l.TAIL(J»*n 
GO   TO   52R00 

22   RATS   =-(31 INVI 1 ,J-M*l ) 
S2ft00   RFDC05(J)=   RAT5 

?i   CONTINUE 

♦   CTIMEIJI 

60' 
61 

I 
62' 
631 
64] 
65; 
66J 
67' 
68' 
69= 
7o; 
7ti 
72 r 
73 J 
74'  i 

H 
7öi 
79;/; 
HOI 
81  ! 
82i,i 
83 ;| 
84; | 
8S 
86:| 
87 i 
88 I 
89 i 

901! 
91 
92 
93 ll 
95 
96 
97 
98 
99 
100 
»01 
102 
103 
104 
105 
106 
107 
108 
109 
110 
I 11 
112 
113 
114 
lift 
116 
117 
II« 
119 



KMAX) GO To 24 

GO TO 401 

2?800 CONTINUF 
IRMAX=1 
PMAx=rcr)rns( i > 
00 24 J=2,N 
IF(PFDCaS(J»  .LC, 
rtMAX=PEr)COS( J ) 
IPMAX=J 

?4     CONTINUE 
IF(RMAX .LF.  TQLPI) 

2?a?4 CONTINUF 
DO 26 L=l.NMMPl 
IF ( IRMAX.GT.M) C.n   TO 50026 
Yl (L ) =-Bl INV(L,TAIL( IPMAX )♦! )-f Bl I NV ( L. HEAO( IRMAXt«-! ) 
GO TO 26 

Ü0026 YKL) = Rl INV(L, IWMAX-M-M) 
26 CONTINUF 

Vl(l) = YlM)  - CTI^F(IRMAX) 
NUMBFP=n 
DC    27    I  =?,NMMPl 

27 IF{Y1(L)    .Lr.     TOLRl) NUMBER=NUMBFR+1 
IF(NUMBER    .HO.    NMM)    GO   TO   403 
RMlN=.qQn    20 
IRWIN=0. 
00    12    I 1 = 2.NMMPl 
IF(YI ( I I ).LF.     TOLR1)       GO    TO   32 
RATS   =XR1( I I )/Yl(II) 
RR = PAT<?-PMIN 
IF(po    .GF.    O.OC)    GO   TO    32 
pMIN=RATS 
IOMIN=I I 

32 CONTINUF 
OP    ^l    J=?,NM^P1 
WW^PlINV(IRMIN    ,J)/Yl(IRMlN    » 
00 37   L=l.NMMPl 
•3lINV(L.J)=Rl INV(L.J)-WW*Y1(L) 
01 INV( IRMIN    ,J ) = WW 

108 

37 
33 
C 
C 
c 

38 

403 
5 30 

«SO 

r 
c 
c 
*0l 

c 
c 

UPOATF    THE    HASIC    VARIAPLFS:    INflASE   ANO   XB1 

I STATI INOASFI IRMIN-1 ) >=C 
ISTATI IRMAX)= 1 
INRASF(IRMIN-1 )= IRMAX 
*( = XR1(IRMIN    )/Vl(lRMlN    » 
00    3fl    1=1,NMMPl 
XRJ ( I )=XR1 (I )-Yl ( I)*W 
XBldRMlN    )=W 
GO   TO   2B0O 
WRlTE(6,530) 
FORMAT! 1HO,5X , »NO   FEASIRLF   SOLUTION   FXlSTS. 

♦ . • ) 
■ CI TE(6.fi5')) 
FORMAT( 1H1 » 
CO    TH    <}Qq 

FNO   OF   THE    SIMPLEX    ALGORITHM 

TlMESITRIALI    «    O1 INV< 1.NMMPIt 
IF    ITRIAL.LT.NTBIAL»   GO   TO   350 

INBASE    IS    A   SET   QF   NMM   INTEGER   VARIABLES   «HfCH   INOICATF   THk 

CHECK   yOUR   INPUT   DATA 

120 
121 
122 
123| 
124|. 
1261 
126 
1271 
128 
12«>' 
130' 
131 
»32f| 
133 
134 
135 
136 
137 
1 38 
13<) 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
iri 
172 
173 
IM 
If« 
If* 
trr 
im 
IT« 



c 

f. 
c 
r 
C 

r 
r 
C 
c 
r 
c 
c 
r 

r 
300C 

400? 
4001 

c 
c 
3060 

30| 2 

3051 

3013 
■«050 

109 
COMPOSITION   OF   THE   CURPFNT   BASIS.       FOR   EXAMPLFi 

INilASE(K)    =   7       IMPLICS   THAT   THE   K-TH   COLUMN   IN   THE   BASIS   B 
CflPSESPONOS   TO   THE    7-TH   VARIABLE 

ISTAT    INDICATES   THE   3ASIC    STATUS    OF   FACH   VARIA^LF 
ISTAT(K » 1 IMPLIES   THAT   THE   K-TH   VARIABLE   IS   IN   THE 

DUAL   BASIS 
ISTAT(K)    a   C       IMPLIES   THAT   THE   K-TH   VARIABLE    IS   NOT    IN    THE 

DUAL   OASIS 

C9DER   THE   RANDOMLY   GENERATED   NETWORK   COMPLFTlCN   TIMES 

LIMIT = 
IPASS = 
ICHNG = 

DO 4C^1 
LIMIT a 

NTRIAL 
NTRIAL-1 
1 
J=ltIPASS 
LIMIT-1 

r.n TO    3060 

fin   TO   400? 

TRIALS    ARF    AS 

IF    ( ICHNG.FO.O ) 
ICHNG    =   0 
DO   4CC?    1=1.LIMIT 
IF    (TIMES<I).LF.TIMESIIM)) 
TfMP   =    TIMES( I «-1 ) 
TIMrs( T-fl )    =    TIMES( I ) 
TIMFS(I)    =   TEMP 
ICHNG    =    1 
CDNTINLE 
CONTINUE 

OFSCRIBE   THE    ORDERED    NETWORK   COMPLETION   TIMES 

W"! TE( h,^t2 ) 
FCPMATI1H1) 
WRITF( 6..?012 )    NTRIAL 
FORMAT    <IHn.lPX,«THE    CRITICAL   PATH   TIMES    FOR    '.15. 

♦    EDLLOWS:    (TIMF/OrJsERVEO   PERCENT ILE )• » 
LINE   =    (NTRI AL «■4)/5 
Op    3150    J-l.LINE 
I?   =    (  J-l )*5«-t 
T3   =   J*S 
ICNT   =    0 
IF   (NTRIAL-I2*! .LT.b»    I 3s   NTPIAL 
DO   30 51    K=I2,I3 
ICNT   =     ICNT*1 
COF(ICNT)    =   OFLOATCK)/DFLOAT(NTRIAL) 
WPITE    (6.3011)        (TIMES(I).I=    12,13) 
FORMAT(1H0.5X.5(6X.F15.5)) 
WRITE    (6.3013)     (CDF(K».K=l.ICNT) 
FOPMAT    (fX.5(6X,E15.5)) 
CONTINUE 
STOP 
FND 
SUBROUTINE   ^INVA(M 
IMPLICIT   PEAL»8    (A-H.O-Z» 
CCWMCN    ■HINV.fl-DCOS.CTlMf.xni . INHASE.IHEAO» ITAIL.NMMPI .NMM.N. I ST AT 
COMMON    M.MP| 
OIMf NSICN       1ST AT (ICO) ,IHtAD(6C).ITAIL(60) .XBI(41 ) 

::....■....   ..i-,    . 

180 
181 
182 
183 
184 
IBS 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
20 5 
206 
20 7 
208 
209 
210 
211 
212 
213 
214 
215 
21 6 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
211 
?Si 
233 
23* 
235 
23« 
237 
238 
239 
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110 

c 
c 
c 

r. 
c 
c 

r 
c. 

c 
c 

c 
c 
c 
c 
c 
c 
c 

5 
30 

IS 

• c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

«c 
r 
?.r 

3015 

niMPNSlrN 31 I NV(41,41).INBASE(40).CTfME<100».HEOCOS(100 I 

UPDATE THF FIRST ROK» OF B1INV AFTER CHANGING CTIME 

DO    1    1=?,NMMP1 
«1 INV(1 ,1)    =    0.0 
DO    1    J=3,NMMP1 
RllNVd.n    =    RlINV(l.n    ♦   B1INV(J.T )«CTIME( INBASE(J-1 »> 

UPDATE   VALUE   OF   THE   OBJECTIVE   FUNCTION 

XB1 t1)     =   BlINV( I .NMMPl ) 
RFTURN1 
END 
SUPPOUTINF    RANTIM   (CTIMF,PARM,M) 

SUBRHUTINE   RANTIM   GFNERATES   M   RANDOM   TIME«;   FROM   A   SPECIFIED 
DISTRIBUTION   WITH   PARAMETERS   CONTAINeO      IN   PAPM(60.5)    AND   RFTURNS 
«KITH   THE   RFSULTS    IN    CTIMF(99). 

IMPLICIT   REAL*8    (A-H.n-Z) 
DATA   J/0/.IY/1P447/,TPI/6.2S31853/ 
DIKENsICN   PARM(60.5),CTI ME(99 I ,SAVTIM(99) 
IF    (J.NF.O)   GO   TO   30 

THE FOLLOWING GENFRATFS A CHI SQUARE RANoOM DEVIATE WITH 3 OFtS 
TRANSFORMED TO MAKE THE LOwFH POINT CORRESPOND TO THF 15-TH 
PERCFNTlLE   AND   THE    UPPER   POINT   CORRESPOND   TO   THE    95-TH   PFRC. 

PARM(3,I) THE      PERCENTILE   DIFFERENCE 

DO   5   1 = 1 .M 
PARM(1,3)    =   PARM(I.?)-PARM(I,1» 
IF    (PARMd ,3) .EO.O)    CTIMF(I)   =   PARM(I«1) 
J   =   J*l 
IF    (MOD(J,3).F0.1)    GO   TO   ?0 

DO    15   1=1.M 

IF    (PARMU , *) .FO.O    )    GO   TO   15 
CTIME(I)   =   SAVTIM(I» 
CONTINUE 
RFTUPN 

GENERATE   A   PAIR   QF   COMPLETION   TIMES   FOR   EACH    ACTIVITY. 
THE      ROX-MULLFR   METHOD    IS   USED   TO   GFNEBATE    A   PAIR   OF 
NCRMAL   DEVIATES 
Lil    AND   U2    =   UNIFORM   RANDOM   NUMBERS 
«*nsIN(AN)    =   STANDARD      NORMAL   RANDCM   VARIABLE 
»•♦DCOS(AN)    »   STANDARD      NORMAL   RANOOM   VARIAE'LE 
CHI 3   =   A   CHI-SOUARt   RANDOM   VARIABLF      --   GENERATED   USING   THF 

METHOD   OP    WILSON   AND  HILFFRTV   -   PROC.    NAT.   ACADEMY   OF 
SCIENCF,    1931 

ri    AND   C2   TRANS=0«M   THE   CHI-SOUARE   «»ITH   3   D.F. 

DO    30r?    tsl.M 
ir   (PAnM(i,3).En,P)   co  TO  3002 
IV   =   IY«e5539 
IF    (|Y)    3015.311ft..301«. 
IY   =   IY   ♦   ?147483647   ♦    I 

240 
241 
242 
24 3 
244 
24S' 
246 
2471 
24a| 
249 | 
250 I 
2S1 
252 
253 ! 
254 
255 
256 
257 ] 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
278 
273 | 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
294 
299 
296 
297 
29« 
299 
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Ill 
lOlfi 

300? 

ypt   =IY 

Ul =   VFL*.4f56 1.1F-Q 
IY =    IY*f56iq 
IF (IY>    302^. 3^?(c.t^02f. 
IY Tr    IY    ♦    ?1474P1647    ♦     I 
YFLr    IY 
U2 =   YFL*.465fil3F-9 
W --?.«nLOG(U?) 

AN    =    Tf»I*Ul 
C?    =   «»«I'JZT/OAHMJ 1.3) 
ri     =    ,7q777-PAPM( I , 1)*C? 
CTTMF(I)    =    ( ( . 3<5?530f.l4«W*OSIN( AN> + 1 .335416?6P)*«3-Cl)/C2 
SAVTIMIIJ    -■   t ( .■!(e»?':;3?f>I4*W*DC0S( AN)* 1 . 43541626<»»**3-cn/C2 
CONTlNljF 
«FTUPN 
END 
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