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. ABSTRACT

This report describes the procedures for using a digital computer program
for simulating GERT networks. New and advanced GERT concepts are introduced.

The simulation program can accommodate GERT networks which have logical
operations associated with the input side of a node and branching operations
associated with the output side of a node. Logical operations associated
with a node are defined in terms of the number'of realizations of activities
incident to the node that must occur before the node can be realized. A
similar quantity is required for realizing the node after its first realization.
The branching operation associated witﬁ a node is either DETERMINISTIC (all
branches are eaken that emanate from the node) or PROBABILISTIC (a selection
of one of the branches emanating from the node is taken when th: uode is
realized).

Branehes of a GERT network are described in terms of a probability that
the branch is realized; a time to perform tﬁe activity represented by the
branch; a cdunt designation and an activity number. The time associated with
a branch can be a random variable. The count designator identifies a count
set for which a counter is indexed every time the branch is realized. The
activity number identifies nodes that are affected by the realization of the
branch. Through activity numbers, ; network can be modified during the
simulation of the network.

GERT networks havihg the above characteristics are simulated by a program
labeled GERTS III. GERTS III is a fundamental package and as such provides
the foundation for building advanced network simulation programs. In this
report GERTS III has been extended in three directions. First, a queue node
capability was added resulﬁing in fhe GERTS II'IQ program. Then cost informa-

tion was added to obtain .GERTS IIIC. The third extension involved the
i




inclusion of resource requirements for each activity and limited resources
to perform the project. The simulation packageé to study resource allocation
has been labeled GERTS IIIR. . .

Examples of the use of GERTS III, GERTS IIIQ, GEﬁTS ITIC, and GERTS
IIIR are presented in the report. The GERTS III programs are written in
FORTRAN IV. The program has been exercised on the IBM 360/65 system. GERT

networks with up to 1,000 nodes can be analyzed.
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THE GERT SIMULATION PROCRAMS:

GERTS III; GERTS IIIQ; GERTS IIIC; and GERTS IIIR

INTRODUCTION

The GERT simulation pfogram is a general purpose program for simulat-
ing networks. The program is written in FORTRAN IV. The input to the
program is a description of the network in terms of its nodes and branches
along with control information for setting up the simulation conditions.
Applications of earlier GERT simulation programs [7,8,9] resulted in the
need for new network concepts and additional capability. This need has
been satisfied with the completion of the GERT Simulation Program III1
hereafter referred to as GERTS III.

The following list describes the features in GERTS III.

1.  Branches that are characterized by:

a. A probability of being included in the network;

b. A time required to complecte the activity represented
by the branch. The time {s specified by defining a
parameter set number and a distribution type;

¢. A counter type to identify the branch as belonging
to a particular group of branches; and

d. An activity number.
2. Nodes that are characterized by:

a. The number of releases required to realize the node
for the first time;

b. The number of releases required to realize the node
after the first time;

c. The removal of events that are scheduled to release
the node; -

d. The method for scheduling the activities emanating
from the node (DETERMINISTTC or PROBABILISTIC); and

e. The statistical quantitlea to be estimated for the
node. :

i



3. Modification of the network based on the occurrence of
end of activity events during the simulation of the net-
work, :

4. A method for tracing a set of simulation ruas.

S. Automatic printout of the description of the network and
the final results.

During the research leading to GERTS III, the following concepts were

explored:

1) nodes that pfovided a storage or queue capability - a Q-node;
2) costs associated with the performance of activities; and

3) activities that required resources.

It was found that GERTS III could be modified to allow the simulation of
networks that involved these concepts and implementation proceeded on a
limited scale. It was felt that separate programs should be maintained for
these new concepts but that each should contain the basic GERT simulation
program, éERIS I1I. The results of the expioratory research are: 1) GERTS
111Q, a GERT network simulation program that includes Q-nodes; 2) GERTS
ITIC, a GERT network simulation program that collects cost statistics; and
3) GERTS IIIR, a GERT network simulation program that involves resource
allocation decisions,

The main purpose of this report is to describe éhe procedure for using
GERTS III, GERiS I11Q, GERTS IIiC, and GERTS IIIR, Since many new concepts
associated with GERT have been developed it is necessary to describe these

before proceeding with examples illustrating the use of the new programs.

OVERALL PROGRAM OPERATION

The GERTS III program performs a simulation of a network by advancing
time from event to event. In simulation parlance this is termed a next
event simulation. The events associated with a simulation of a GERT net-

work are:




(1) Start of the simulation; (2) Eéd of an activity; and (3) Comple-
tion of a simulation run of the nefwork. Since GERTS III is a FORTRAN IV
program the operating procedure is the standard FORTRAN operating procedure.
Many concepts of GER?S II1 were adopted from GASP IIA [10].

The start event causes all source nodes to be realized and schedules
the activities emanating from the source nodes according to the output type
of the source node. The output type for all nodes is either DETERMINISTIC
or PROBABILISTIC. 1In the former case, all activities eménating from the
'node are scheduled and in the latter case, oﬂly one of the activities
emanating from the node is scheduled, By séheduling an activity is meant
that an event "end of activity" is caused to occur at some future point in
time. The simulation proceeds from event to event until the conditions
which indicate that . .the simulation of the network is completed are obtained.
The above process is then repeated for a specified number of simulations of
the network. | ‘

As part of the input data, the number of releases required to realize
a node is specified. Each time an end of aétivity event occurs, the number
of releases for the end node of that activity is decreased by one., When
the number of releases remaining is zero, the node is realized., At this
time the number of releases is set equal to the number of releases required
to realize the node after the first time, and the activities emanating from
the node are scheduled. Again, the number of activities scheduled depends
on thé output type for the node.

For each activity scheduled, an end of activity event is put in a file
containing all events in chronological order. The end of activity events
are removed from the event flle one at a time and at each reﬁoval instant,

a test 1s performed to determine if a node is realized. If a node is not




realized, the next event is removed from the event file. If a node is

realized, activities from that node are scheduled and the simulation is

continued. The simulation ends when a prescribed number of sink nodes have

been realized. As part of the input data, the number of source nodcs, sink

nodes and nodes on which statistics are collected as well as their node

numbers and the number of nodes required to realize the network are defined. .
The above process describes Ane simulation of a network. The program

is written tc allow multiple simulations to be performed. The number of

simulation runs to be performed is part of the input data. The GERT simulation

program automatically initializes the pertinent variables in order that

consecutive simulations of the same network can be performed and, if desired,

permits simulations of different networks to be performed consecutively.

GERTS II1 NETWORK CHARACTERISTICS

GERT networks consist of nodes and directed branches. First consider
the characteristics that describes a node. The number of releases asscciated
with a node specifies the number of times activities incident to the node
must be realized before the node can be repliQed. When the number of
releases is 1, the input side of the node can be thought of as an OR
operation. If the number of releases equals ghe number of activities incident
to the node, the node can be thought ‘'of an as AND operator. However, it is
permissible to specify the number of releases to be less than or greater
than the n;mber of activities.incident to the node. For example, the number -
of releases can be 2 whereas thg number of activities incident to the node
could be 3. This would represent the case where if 2 of the 3 activities
were realized, the node is realized. Alternatively, the number of releases
can be 2 and the number of activities incident to the node could be 1. This

would represent the case where the activity must be realized twice before the node




is realized.

Figure 1 illustrates the node symbolism for GERTS III,

Deterministic Probabilistic
Number of Qutput Output
Releases Node .
Humber
Number of
Releases
tu Repeat

Figure 1. Node Symbolism for GERTS III

In Figure 1 it is seen that the semicircle, :) , on the Autput side of a
node is used to repvesent a DETERMINISTIC output, and a lazy V, > , for

a fROBABIiISTIC output. Nodeé are also characterized by their function in
the network. A GERT analyst can specify a node as:

1. A Source Node;

2. A Sink Node;

3. A Statistics Node; or
4. A Mark Node.

Activitiés emanating from a source node are started at time zero. A
sink node is a node that indicates that the network may be realized when
it is realized. (NOTE: a sink node many have successor activities.) A
statistics node is one on which statistics are maintained. All sink nodes
are automaticglly made statistice nodesf A mark node establishes a
reference time and permits the calculation of the time it takee to go
between two nodes of the network.

For statistics nodes, GERTS III obtains stat’.tizal estimates associated

with the time a node is realized. Five types of time statistics are possible:




F. The time of first realization of a node;
A. The time of all realizations of a node;
E. The time between realizations of a node;

I. The time interval required to go between two
nodes in the network; and

D. The time delay from first activity completion
on the node until the node is realized.

The nodes on which statistics are to be collected and the type of statistics

desired are part of the description given to a node by the input to GERTS

III. They are not part of the graphical representation..

The brﬁnches of GERT networks represent activities and/or information
transfers. The term activity will be used to identify both. Activities
emanate f;om a start node and are incident to 2n end node. Associated with
activities are a probability that the activity will be realized given its
start node is realized and a time to perform the activity given‘the activity
is realized. For GﬁRTS III the time variable is specified by a paraueter
set number and a distribution type. The following nine distribution types
are available:

1. Constant;

2. Normal;

3. Uniform;

4, Erlang;

5. Lognormal;

6. Poisson;

7. Beta;

8. Gamma; and

9. Beta fitted to three

parameters as in PERT.

The parameter set number along with the distribution type completely des:ribe
the time variable associated with an activity. Each distribution type

specifies the arrangement of the parameters in a parameter sect. with GERTS

111, two additional characteristics can be associated with an activity.

Mgt
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These are a counter type and an activity numbef.

The counter type number specifies ;he céunter to be increased by 1 every
time the activity is realized. The number of counter types permitted is
limited to 4%, Any number of activities may be associated with a counter
type.**  Statistics are automatically kept on the counter types. At the end
of all simulation rums, the.average and standard deviation of the number of
times a counter type was realized prior to the realization of each node for
which statistics are collected is determined and printed. In addition, the
minimum and maximum numﬁer of times activities having the vecified counter
type were realized during a simulation is printed. Since the number of counts
is always referenced to the realization of a node, the number of counts
occurring prior to the realization of a node may be different in different
simulation runs due to the sequence in which the nodes are realized.

Activity numbers are given to activities to permit network modifications
based on the realization of the activity. Specification of an activity number
does not aﬁtomatically indicate that the network will be modified. However,
only activities with activity numbers ~an cause the network to be modified.
Network modification involves the replacipg bf a node by another node on the
output side only.*** Thus when a node is realized, the activities to be
started depend on the modifications that haveAtaken place. For example if
node 8 replaces node 5 then when node 5 is realized the activities emanating
from node 8 are scheduled to start. A node may be changed many times before

it is actually realized.

* Changes in the dimensions of two arrays can be made to increase this value,

%%  Activities ‘ncident to nodes on which delay statistics are collected or -
to Q-nodes may not have counter types-associated with them.

**% The program can be modified to change the input side of a node also, [9, p.
571. This involves decisions on the part® of the user as to the number
of releases remaining on the input side. Ref. [6] contains an example in
which the input side of a node was modified.

-~




The activity number causing the network modification along with all the

w@gww@mwwmmmhﬁﬁF
1

nodes to be replaced, and the nodes to be inserted, are specified by the
user. The method for incorporating network modifications is described later
in the program operating proce&ure section. Figure 2 illustrates the branch
and node modification notation that will be used throughout this report.
Modifications will be shownlby a dashed branch with the activity number
attacﬁed in a square. The modification in Figure 2 is read "the output.of

node 2 is replaced by node 4 when activity 1 is realized".

(p;tp.tD;c,a)

(1.0;2,1,0,1)

LEZEND
o = probability of realization 4%) Node A is replacad
tp=_ parameter set for time "N by node ‘B when

L e dud b ' activity with
tD distribution type ﬁ] activity number 1
¢ = counter type ‘ ) “is realized.
a = activity number

» kep b

Figure 2. Illustration of Branch Descriptors and
Network Modification Symbolism.

As an illustration of these new characteristics, consider the network of

Figure 3.
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Figure 3. Network Containing Information Branches
in Addition to Activities.

This network represents the changing of the network structure when the

self-loop about node 2 is taken three times and is accomplished in the.
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following manner. The output of node 3 is DETERMINISTIC so that every
time node 3 is realized both branches emanating from node 3 are taken.
The branch from node 3 to node 4 is used to count the number of times

node 3 is realized. Node 4 is only realized ﬁhen the branch incident to

it is realized three times (of course, this corresponds to three traversals

of the self-loop). When node 4 is realized, the activity labeled activity
number 1 (a 1 on the network in this case) causes node 2 to be replaced
by node 7, and the objective of changing the network is achieved.* Of
signif}cant importance in the above network is the incorporation on the

network of branches representing activities and branches representing

* Care is required here to ensure that the branch from node 4 to node 5 is
realized prior to the realization of the branch from node 3 to node 2.
1f a zero time is associated with both branches, normal operation would
have the branch from node 3 to.node 2 realized first since it was scheduled

first. By assigning a small negative time (~.000001) to branch from node

4 to node 5, the desired ordering can be obtained.

9




information transfers. The inclusion of different.types of branches within
a GERT network expands the network modeling capability within the GERT frame-

work.,

Input to GERTS III and Limitations

The input requirements'for GERTS I11 consist of at most 7 different types
of data cards. These seven cards describe the network and the control infor-
mation for performing the simulation. A general description of each card dis
provided below. 1In Appéndix A, a complete description for each field of

each Data Card type is presented.
Data Card
__Type

1l .Identification Information, number of times simulation is to
be performed and an initial random number seed (1 card).

General Description

General node, counter and network modification data (1 card).
Description of each node (1 card for each node).

Parameters of time variables associated with activities (1
card for each parameter set).

Description of each activity (1 card for each activity).

Network modifications desired (1 card for each activity that
modifies network. If none, no Data Card Type 6 is required).

7 Run numbers to be traced (1 card only if tracing is requested
by using a negative project number).

The dimensions of the GERTS III program have been set to allow for a
maximum of 999 nodes, 999 activities, 4 counter types, collections of statis-

tics on 100/(number of counter types + 1) nodes, and 300 parameter sets.

‘Examples of GERTS IIX

In previous reports examples were given that illustrated the use of the
GERT Simulation Program to model to:

1. The modification of 'a project based on elapsed time [9];

2. The modification of a network based on the realization of
the first of two activities [9); -

3. The starting of a phase of a project based on progress to
date [9]; '

10




4, Multiple modifications of a node during one realization of
a network [9];

5. The Planning R & D Projects [3];

6. An advertising promotion in studying consumer brand choice
[4]; and C

7. A manufacturing process [11].
During the past year, the CERTS program has been used to analyze segments
of a University [1], a product development problem for a large computetY
manufacturer, the R & D program for a weapons system and maintenance and
checkout operations. |
In this report, two examples are presented that demonstrate the new
concepts included in GERTS III. The examples are: |

1. TIllustration of the features of GERTS III; and

2. Analysis and sequencing of space experiments.

Example 1. Illustration of the Features of GERTS III.

Figure 4 shows the network to be analyzed in Example 1. The source node
for the network is node 2 and the sink node is node 12. From node 2 three
activities emanate which are perfo;m;d simultaneously. These activities
cause nodes 3, 4, and 5 to be realized. The activities emanating from
nodes 3, 4, and 5 are all incident to node 6. The number of releases required
to realize node 6 is three, therefore node 6 will_only be realized when all
three activities incident to node 6 are realizéd. ror ﬁhis example, we
desife to obtain statistics on the time delay betwéen the completion of the
first activity incident to node 6 and the time node 6 is realized. To
obtain these statistics, node 6 is defined as a statistics node with delay
statistics (code D) desired.

It is also desired to collect statistics on the time required to go from
node 7 to node 11. To accomplish this node 7 is defined as a mark node

(node type 4) and node 11 is defined as a statistics node with the statistics

11







calculated on an interval basis (code I). The‘statistifwi quantities collect-
ed at node 11 will be the interval of time f?om the realization of node 7 to
the realization of node 11. 1If alternative paths existed between node 7 and
11, the interval node would collect statistics on the time required to
traverse the separaie paths. This will be further illustrated in Example 3.'

Node 8 has a proﬁabili;tic output side so that either activity emanating
from node 8 can be taken. For those situations where the feedback path is
taken, it is desired to determine the time required to traverse the feedback
path. This is acqomplished by mak{hg node 8 a statistics node with statistics
collected on time between realization of nodé 8 (code B). Nodes 9 and 10
were also defined as statistics nodes. For node 9 statistics are collected
on its first realizations (code F) and for node 10 statistics are collected
on all realizations (code A). Thus, this example includes all the types of
statistical calculations that cén be included within the GERTS III program.
Since nodg 12 is a sink node, statistics will aﬁtomatiéally be collected on
it. Fbr this example, statistics on the first realization of node 12 were
specified. If the type of statistiés desired is not specified by the input
information, the GERTS III program assumes that statistics on first realization
are desired, i.e., the default condition iS'first realization.

Also included in this example is the network modification feéture and
the stopping of an activity in progiess. If the toﬁ activity (activity 1)
from node 9 to node 10 is realized first then node 10 is replaced by node
13%, If the bottom activity (activity number 2) is realized first then node

10 remains in the network. If node 10 had been replaced by node 13 then

* For nodes on feedback paths, the input and out~ut sides are reversed.
However, the number of realizations to cause the node to be realized for
the first time is still.indicated by the top number.

13




node 10 is reinstated into the network. The network modification is
implemented by assigning activity numbers to the branches between node 9
and node 10. When either of these activities are completed, the network
modification is implemented and the other activify‘is stopped since node 10
has an "R" assigned to it. The removal of scheduled activities incident
to a node applies to all realizations of the node.
A listing of the input cards for this example is shown in Figure 5. The
description of the network that is printed by the GERTS III program is
shown in Figures 6 and 7, Figure 8 pggsents a trace of a simulation run
for this network. We will use this trace to describe the or "rating pro-
cedure of the GERTS III program in simulating the network shown in Figure 14.
The simulation begins by scheduling end of activity completion events
from each source node. For éxample 1, the source node ié node 2 and end
of actiéity events are scheduled for the activities from node 2 to node
3, node Z.to node 4, and nodé 2 to node 5. To obtain the time for each of
these events, samples are drawn from: 1) a normal distribution using para-
meter set 1, 2) the Erlang distribution using parameter set 2, and 3) the uni-

form distribution using parameter set 3,

The trace of the simulation starts with the first end of activity event.
This is seen fo be the activity that is incident to node 5 and the event
occurs at time 1.88. Since node 5 had its number of releases equal to 1,
node 5 is realized and the activity from node 5 to node 6 can be initiated.
An end of activity event for this activity is then scheduled by the program.
At time 4.31, the activity on node 4 is completed as shown by the second line
in the trace of Figure 8. At time 7.Bé the activity from node 5 to node 6
was completed and we have the first activity incident to node 6 being com-

pleted. (To determine from the trace that this w.. the activity from node 5

14
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GERT SIMULATION PRUJECT =1 BY ALL FEATURES

DATE 'S/ 20/ 1970
S*NETWORK OESCRIPTION®»
NUDE CHARACTERISTICS

HIGHEST NODE NUMBER IS 13
NUMBER OF SOUURCE NUDES IS 1

NUMBER' OF SINK NODES 1S 1

NUMBER OF NODES TO REALIZE THE NETWORK IS 1
STATISTICS COLLECTED"ON 6 NODES

NUMBER OF PARAMETER SETS IS 11

" INITIAL RANDOM NUMBER 1S 1267 0.0

NUMBER
RELEASE

0

L et e 08 e g () e et Pt

NUMBER OF RELEASES  OQUTPUT REMOVAL OESIRFD
S FOR REPEAT . TYPE AT REALIZATION

9999

1

] . l

1

9999

-1

1

1

1

9999 -

9999

1

[-A-A~-A-R-0 R-2-N-RA-N-N-}

&

SOURCE NODE NUMBERS
2 .

SINK NODE NUMBERS
12

STATISTICS COLLECTED ALSO ON NODES - -
6 11 10 9 8

Figure 6. Echo Check for Exanfle 1
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*SACTIVITY PARAMETERS*#

PARAMETER PARANETERS
NUMBER 1 2 3. 4
1 10,0009 0.0 100. 0000 0.1000
2 2.0000 0.0 10u. 00U 2.0000
3 3.0000 0.0 5.0000 - 045000
I 440000 0.0 100.0000 1.0000
5 5.0000 0.0 100.0000 0.0
6 6.0000 0.0 100.0020 0.0
7 0.6425 . =5.0000 5.0000 1.4920
8 8.0000 0.0 100.0000 046000
9 3.0000 2.0000 5.0000 0.0
10 0.0 0.0 . 0.0 . 0.0 .
11 1.3580 0.C 100.0000 . 042180
##ACTIVITY DESCRIPTION®®
START END ' PARAMETER DISTRIBUTION COUNT ACTIVITY . PROBABILITY'
NODE NODE NUMBER TYPE TYPE NUMBER
2 3 1 2 0 0 1.0000
- 2 4 2 4 0 0 1.0000
: 2 5 3 3 0 0 1.9000
i 3 6 4 4 ~1000 0 1.0000
3 4 6 5 6 -1000 0 1.0000
s 6 6 1 -1000 0 1.0000
N 6 7 11 5 (] 0 1.0000
» 7 8 8. 1 0 0 1.0000
: 8 9 9 9 ° 0 0.6000
- 8 11 7 8 0 0 0.4000
9 10 3 7 o 1 1.0000
9 10 9 3 0 2 1.0000
10 8 10 1 0 0 1.0000
11 12 1 2 0 0 1.0000
13 8 1 1 1 0 1.0000

.

»SNETWORK MNDDIFICATIONS »* '
IACTIVITY NODE FILE NODE FILE NODE FILE NODE FILE WUDE FILE NODE FILE NODE FILE NODE FILE NODE

1 10 13
2 - 13 10

Figure 7. Further Echo Check for Example 1
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1.88 ACTIVITY ON NODE S WITH ATTRIBUTES 3 3 0 O WAS REALIZED OUN RUN
4,31 ACTIVITY ON NUDE 4 WITH ATTRIBUTES 2 4 0 O WAS REALIZLD ON RUN
7.88 ACTIVITY ON NUDE 6 WITH ATTRIDUTES 6 1-1000 0 WAS REALIZEC ON RUN
8,31 ACTIVITY ON NUDE 6 WITH ATTRIBUTES 5 6~1000 O WAS REALIZED ON RUN
10.16 ACTIVITY ON NUDE 3 WITH ATTRIBUTES 1 2 0 0 WAS REALIZED ON RUN
12.09 ACTIVITY ON NODE 6 WITH ATTRIBUTES - 4 4=-1000 O WAS REALLI7CD ON AUN
13.73 ACTIVITY ON NUDE 7 WITH ATTRIBUTES 11 5 0 0 WAS REALIZED UN RUN
21.73 ACTIVITY ON NODE 8 WITH ATTRIBUTES 8 1 0 0 WAS REALIZED ON RUN
25.56 ACTIVITY ON NODE 9 WITH ATTRIBUTES 9 9 0 O WAS REALIZED ON RUN
28,79 ACTIVITY ON NUDE 10 WITH ATTRIBUTES 3 7 0 1 WAS RIALIZED ON RUN
38.79 ACTIVITY ON NGDE 8 WITH ATTRIBUTES 1 1 1 0 WAS REALIZED ON RUN
41.72 ACTIVITY ON NGDE 9 WITH ATTRIBUTES 9 9 0 O WAS REALIZED ON RUN
43.98 ACTIVITY ON NCDE 10 WITH ATTRIBUTES 3 7 0 1 WAS REALIZED ON RUN
53,98 ACTIVITY UN NODE 8 WITH ATTRIBUTES 1 1 1 O WAS REALIZED ON RUN
57.10 ACTIVITY ON NODE 9 WITH ATYRIBUTES 9 9 0 O WAS REALIZED ON RuNM
59.54 ACTIVITY ON NODE 10 WITH ATTRIBUTES 9 3 0 2 WAS REALIZE™ ON RUN
59.54 ACTIVITY ON NODE 6 WITH ATTRIBUTES 10 1 0 0 WAS REALIZED ON KUN
. 62.19 ACTIVITY ON NGDE 9 WITH ATTRIBUTES 9 9 0 O WAS REALIZED ON RUN
65.39 ACTIVITY ON NODE 10 WITH ATTRIBUTES 3 T 0 1 WAS REALIZED ON RUN
75.39 ACTIVITY ON NNDE 8 WITH ATTRIBUTES 1 ' 1 0 WAS REALIZED ON RUM
78.23 ACTIVITY ON NODE 9 WITH ATTRIBUTES 9 9 0. O WAS REALIZED ON RUN
81.89 ACTIVITY ON NODE 10 WITH ATTRIBUTES 3 7 0 1 WAS REALIZED ON RUN
91.89 ACTIVITY ON NOOE 8 WITH ATTRIBUTES 1 1 1. O WAS REALIZED OGN RUN
95.05 ACTIVITY ON NOODE 9 WITH ATTRIBUTES 9 9 0 0 WAS REALIZED ON RUN
. 97.56 ACTIVITY ON NODE 10 WITH ATTRIBUTES 3 7 0 1 WAS REALIZED ON FUN
107.56 ACTIVITY ON NUDE 8 WITH ATTRIBUTES 1 1 1 0 WAS REALIZED CON RUN
112,56 ACTIVITY ON NODE 11 WITH ATTRIBUTES 1 8 0 O WAS REALIZED ON RUN
122.65 ACTIVITY ON NODE 12 WITH ATTRIBUTES 1 2 0 0 WAS REALIZED ON RUN
1.29 ACTIVITY ON NODE 4 WITH ATTRIBUTES 2 4 0 O WAS REALIZED ON RUN
2.98 ACTIVITY ON NOOE S WITH ATTRIBUTES 3 3 0 O WAS REALIZED ON RUN
4.29 ACTIVITY ON NOUDE 6 WITH ATTRIBUTES 5 6-1000 O WAS REALIZEU CN RUN
8.98 ACTIVITY ON NODE 6 WITH ATTRIBUTES 6 1-1000 O WAS REALIZED ON RUN
10.11 ACTIVITY ON NODE 3 WITH ATTRIBUTES 1 2 0 O WAS REALIZED ON RUN
20039 ACTIVITY ON NODE 6 WITH ATTRIBUTES 4 4-1000 0 WAS REALIZED UN RUM
21,97 ACTIVITY ON NCDE 7 WITH ATTRIBUTES 11 5 0 O WAS PREALIZED ON RUN
29.97 ACTIVITY ON NODE 8 WITH ATTRIBUTES . 8- 1 0 O WAS REALIZED ON RUN
32,77 ACTIVITY ON NGDE =~ 9 WITH ATTRIBUTES 9 9 0 0 WAS REALIZED ON RUN
35.39 ACTIVITY ON NODE 10 WITH ATTRIBUTES 9 3 0 2 WAS REA’ 1ZEG ON RUN
35439 ACTIVITY ON NODE 8 WITH ATTRIBUTES 10 )3 0 0 WAS REALIZED ON RUN
38.47 ACTIVITY OGN NCOE 11 WITH ATTRIBUTES 7 8 0 0 WAS REALIZED ON RUN
48.63 ACTIVITY ON NNDE 12 WITH ATTRIBUTES 1 2 0 0 WAS REALIZED ON RUN
3457 ACTIVITY ON NGOE 5 WITH ATTRIBUTES 3 3 0 0 WAS REALIZED ON RUN
9.57 ACTIVITY ON NGDE 6 WYTH ATTRIBUTES 6 1-1000 0 WAS REALIZED OGN RUN
9.88 ACTIVITY (N NCDE 3-WITH ATTRIBUTES 1 2 0 0 WAS REALIZED GN RUN
14.02 ACTIVITY ON NCDE 4 WITH ATTRIBUTES 2 4 o G WAS REALIZED ON RUN
15.08 ACTIVITY ON NCDE 6 WITH ATYRIBUTES 4 4=1000 0 WAS REALIZED ON RUN
20.02 ACTIVITY ON NODE 6 wITH ATTRIBUTES 5 6-1000 0 WAS REALIZED ON RUN
21.35 ACTIVITY ON NCDE 7 WITH ATTRIBUTES 11 5 0 0 WAS REALIZEUL ON PUN
29.35 ACTIVITY ON NUDE & WITH ATTRIBUTES 8 1 0 0 WAS REALIZED ON RUN
31,92 ACTIVITY ON NCODE 9 WITH ATTRIBUTES 9 9 -0 0 WAS REALIZED ON RUN
35.10 ACTIVITY ON NODE 1¢ WITH ATTRIBUTES & 3 0 2 WAS REALIZED ON RUN
35.10 ACTIVITY UN NODE 8 WITH ATTRIBUTES 10 1 0 0 WAS REALIZED ON RUN
39.08 ACTIVITY ON NODE 9 WITH ATTRIBUTES 9 9 0 O WAS REALIZED CN RUN
42.70 ACTIVITY UN NGDE 10 WITH ATTRIBUTES 3 7 0 1 WAS REALIZED UN RUN
52.70 ACTIVITY ON NODE 8 WiTH ATTRIBUTES 1 1 1 O WAS REALIZED ON RUN
$3.36 ACTIVITY UN NUOE 11 WITH ATTRIBUTES 7 8 0 0 WAS REALIZED UN RUN
63.29 ACTIVITY ON NUOE 12 WITH ATTRIBUTES 1 2 (o 0 WAS REALIZEC ON RUN
4,99 ACTIVITY ON NOODE 5 WITH ATTKIDBUTES 3 3 0 0 WAS REALIZED GN RUN
5.52 ACTIVITY ON NGOE 4 WITH ATTRIBUTES 2 4 0 0 WAS REALIZEC CN RUN
Te52 ACTIVITY ON NCDE 6 AITH ATTRIBUTES 5 6-1000 0 WAS REALIZED CON RUN
161G ACTIVITY ON NOGE 3 WITH ATTRIBUTES 1 2 0 O WAS KEALIZED CON RUN
10.29 ACTIVITY 0N NGDE 6 WITH ATTRIBUTES 6 1-100¢ Q WAS REALIZEC N kUL
13.7: ACTIVITY N HOLE & WITH ATTRJBUTES 4 4-1000 U WAS KREALIZ2ED UN RUN
15,03 ACTIVITY ON NCDL T dlTH ATTKIBUTES 11 5 0. 0 WAS REALIZEC ON RUN
23,03 ACTIVITY ON NLDE 8 WITH ATTRIBUTES 8 1 o 0 WAS REALIZED ON KUN
24,43 ACTIVITY ON NIOE 11 WITH ATTRIBUTES 7 8 (7] 0 WAS REALIZED UN RUN
34.35 ACTIVITY CON NGDE 12 WITH ATTRIBUICS 1 2 Y] 0 WAS REALIZED ON KUN
1.04 ACTIVITY UN NGDE % WITH ATTRIBUTES 3 3 0 O WAS REALIZtL ON RUN
2,91 ACTIVITY uN NODE 4 WiTH ATTRIBUTES 2 4 J Q0 WAS REALIZED ©N RUM
3.51 ACTIVITY UN NOOE 6 WITH ATTRIOUTES 5 6-1390 0 WAS REALIZED OGN RUN
T.04 ACTIVITY ON NOUE & WITH ATTRIBUTES 6 1-1000 G WAS REALIZED ON KUN
10.13 ACTIVITY LN NCDE 3 W1TH ATTRIGUTES 1 2 0 G WAS REALIZED ON RUN
18.45 ACTIVITY N NUDE H WITH ATTRIGUTES 4 4=120J G WAS REALIZto UN FUN
19.76 ACTIVITY QN HUDE T A1TH ATTRIBUTES 11 5 0 O WAS REALJIZED CON RUN
27.76 ACTIVITY COK LidDE £ AITH ATTRIBUTES h - 1 0 G WAS REALIZED CN RUN
28.33 ACTIVITY On NUDE 11 WITH ATTRIBUTES 7 8 e] u WAS REALIZED ON RUN
38,26 ACYIVITY OGN NOULS 12 WiTH ATTRIBUTLS 1 2 o 0. WAS RLALIZED ON RUN

Figure 8, Tracing of Activity Completions for the Simulation of the Network in Exomple 1
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to node 6, the attributes of the activity are examined). Since node 6 is a
delay node, the program records the time 7.88 as the time of first completion
of an activity that is incident to node 6. At time 8.31, the activity from
node 4 to node 6 is completed. At time 10.16 the activity incident to node |
3 is completed and node 3 is realized. The activity from node 3 to node 6 is

then scheduled and is completed at time 12.09. This is the third activity that

is realized incident to node 6 hence node 6 is realized. The iime from the first

activity completion on node 6 to the time th;t node 6 is realized is the delay

time, Thié value is 4.21 (12.09 - 7.88) and is one sample of the delay time R
associated with node 6. Next the activity from node 6 to node 7 is scheduled.
This activity is completed at time 13.78.

Node 7 is a mark node and the time 13.73 is identified with the path of
activities following node 7. Ihe activity emanating frém node 7 is then com-
pleted at time 21.73 and node 8 is realized. This value is recorded for node
8 as the.first cime node 8 is realized since tﬁe time between realizations of
node 8 is desired. From the trace, we see that node 9 is realized next at
time 25.56. This indicates that the branching operation took the branch from |

| node 8 to node 9 for this simulation of ‘the network. Statistics are collected

on node 9 which was realized at time 25.56. The two activities emanating .

from node 9 are then scheduled. Activity 1, the upper branch is completed
first at time 28.79. This causes Aode 10 t> be realized and the value of
28.79 is recorded as a time of realization of node 10. Since node 10 removes
all activities scheduled to be completed that are inqident to node 10,
activity 2 is halted: Since activity 1 has been completed, no&e 10 is re-
placed by node 13 according to the prescribed network modification.

Branching from node 13 is now done.” This is indicated by the trace

by the attributes associated with the end of sactivity event on node 3




being t. yse from node 13 to node 8. The time between realization
cf node 8 is collected and the current time used as the last time node 8
was realized. Again the branching process selecté éhe activity from node 8
to node 9 and the loop around node 8 is traversed again., On this second
traversal of the loop activity 1 again was completed before activity 2, and .
the branch from node 13 to node 8 is included in the netowrk. On the ggird
traversal of the loop, activity 2 was completed before activity 1 and the
branch from node 10 to node 8 which involved no time delay is included in
the network, Finally at time 107.56, node 8 is realized and the branching
process directs that the activity from node 8 to node 11 be completed. Node
11 is realized at time 112.56. Since node 11 is an interval node, a value
is calculated which represents the time to go from node 7'to node 11. 1In
this casé it is 98.78 (112.56 - 13.78). The activity from node 11 to node
12 is scheduled and completed.at 122.65. At this time node 12 is realized.
Since node 12 is the sink node of the network and since it only takes one
realization of the sink node to realize the network, the network is realized.
The value cof 122.65 is then recorded as 1 sample of the t.me to realize node
12 or equivalently the time to realize the network.. This completes one
simulation ruﬁ of the network.

.Several comments on the statistics collected pﬁ nodes 8, 9, and 10 are .
in order. For run 1 node 8 was realized seven times, therefore, six
values were calculated for the time between realizations of node 8. For
node 9, statistics are collected on the time of first realization therefore
only the value 25.56 is recorded as tge appropriate sample on run 1 for

node 9. For node 10, all realization times are collected since node 10

is an ALL node. Thus the values 28.79, 43.98, 59.7', 65.39, 81.89, and




97.56 are sample values regarding the realiZation of node 10.

In this example, all 9 distribution types were utilized tc¢ obtain
sampies for the time required to perform an activity. In Figure 8, a’
trace of 4 additional simulation runs is presented to indicate both the
Qariability of the time required to perform an activity and the variability
involved in the network structure due to the branching process and the |
network modification procedures.

The final GERTS summary report for Example 1 is presented in Figure 9
for 500 simulations of the network. The statistics presented for node 12
represents the values associated with the completion time of the network.
From Figure 9, it is seen that node 12 has a probability of one of being
realized as expected. The average time to realize node 12 was approximately
53.55 time units with a standard deviation of approximately 23.43 time
units. In one simulation the network was realized in less than 30 timé
units and in another simulation it required over 148 time units to realize
the network, Since node i2 is only realized once in each simulation there
is no difference between statistics based on first realization and all real-
izations. In this simulation the branch.from node 13 to ﬂode 8 was designated®
with a counter type 1. Statistics are automatically collected on the number
of times that branch was taken‘prior to the realization of the node on which
the statistics are collected. For node 12 it is seen that the average
number of times the branch from node 13 to node 8 was taken prior to the
realization of the network was .894, In some cases, the branch was never

taken and in at least one simulation the branch was taken 7 times before the

network was realized.
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GERT SIMULATION PROJECT -1 BY ALL FEATURES
DATE 5/° 20/ 1970

##FINGL RESULTS FOR 500 STMULATIGNS**
NODE  PROB./CUUNT MEAN  STD.DEV. # OF  MIN. MAX. NODE TYPE
08S.
12 1.00006 53.5455 23,4290 500. 29.5463 148.3445 A .
12 1 0.8940  1.2923 500, 0.0 7.0000
6 1.0000 14.2856  3.8987 500.  4.2100 35.3449 D
6 1 6.0 0.0 500. 0.0 0.0 - i
11 1.0000 27.8861 - 23.1954 500. 8.0286 125.,6182 1
oo 1 0.8940  1.2923 500. 0.0 7.0000
. L ) . .
10 0.5660 46.5107 21.7802 697.  23.3519 132.5558 A pot
10 1 0.8833 1.2373 697. 0.0 6.0000 !
b ]
9  0.5660 26,7693  3.7985 283, 21.7731  46.9250 F |
; 9 1 0.0 0.0 283.  .0.0 0.0 ;
. 8 1.0000 © 17,0576  T.1713 1197. 4.1900 44.8769 B 1
4 8 .. 1 0.8881  1.2601 1197, 0.0 7.0000
4 #*HISTOGRAMS %+
: LOWER  CELL .
8 NODE  LIMIT  WIDTH FREQUENCIES
% 12 3s.00 2000 9 46 41 29 14 14 1T 22 14 36 12
3 9 14 7 8 12 ¢ 12 ,11 9 3 5
§ 4 5 5 6 4 4 5 2 4 4 32
§ 6 1.00  1.00 ) 0 o o 1 o -0 0 0 5 84
§ 70. 14 64 35 21 3% 30 21 8 12 5
6 2 5 2 2- o 3 0 0 3 i
] <
11 8.00  2.00 0 97 52 13 7T 12 13 2 15 22 25
5 32 8 11 6 5 3 13 9 13 6 5
g 1 2 7 4 2 5 10 3 3 34 .
1 10 30,00 2.00 183 45 52 23 20 10 29 41 21 21 21
10 15 12 14 23 10 7 11 7 4 8
. 7 11 7 6 4 2 3 4 5 43
Y9 27.00 0.50 181 12 6 8 10 6 9 8 16 4 3 -
2 5 1 0 2 2 1 0 0 0 o !
1 2 0 0 0- o 1 1 0 2
8 1,00  1.00 0 o o 0 24 126 82 20 0 o 0
0 0 4 63 174 159 45 2 - 5 80 13
71 41 31 33 29 33 12 12 6 23

Figure 9. GERTS III Summary Report for Example. l
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Statistics on node 6 show that .the time between the first completion
of an activity on node 6 and the time node 6 is realized required almost 7
time units., For the count statistics listed under node 6, it is seen that
the branch from node 13 to node 8 was never taken prior to the realization
of node 6. This is as expected since that branch follows node 6. Other
items of interest from the final GERTS summary report will now be described.
The probability associated with n6des 9 and 10 represent the probability that
either of these nodes were realized in any simulation run. It is seen that
branching around the loop from ﬁode 8 occurred in 56.6 percent of thé runs.
Even though statistics for node 10 are colleéted for all realizations, the
probability of realizing node 10 on a simulation run is the probability of
every realizing node 10, in that simulation run. If it is desired to obtain
the average number of times node 10 was realized, this can be calculated
from the number of observations divided by the number of simulation runs
(697 diQided by 500 for this example). The average time of realizing node
10 in a simulation run is the sum of all realization times of node 10 divided
by the number of times node 10 is realized. This statistic is not an ordinary
one for network models since if combinés the time of first realization, second
realization, and so on. Care must be taken when using these values,

‘Histograms for each of the statistics nodes are also presented in Figure
9. Consider the histogram-for node 12 where the lower limit of the second
cell is 35 and the cell width of each cell 1s 2. From the data presented,
is seen that in 90 of the 500 simulation runs the realization time for node
12 and hence the network was less than 35 time units. 1In 46 other simulation
runs the time to complete the network was between 35 and 37 time units. Other

values can be read directly from Figure 9. This .:ample demonstrates that a

great deal of data can be obtained from GERTS TII.




Example 2. Analysis and Sequencing of Space Experiments*

The performance of experiments in space by a spacecraft crew are almost
always severly constrained by time. Many experiments are usually proposed
Ly the scientific coﬁmunity and of those proposed a subset must be chosen
for a given space mission. The sequencing of these experiments can be an ‘ -
important factor in determining the nﬁmber of experiments that can be com-
pleted.

A GERT network of the sequence of experiments will be developed that'

5 permits the assessment cf the time requiredAto perform the experiments., In
; addition, information regarding the number of experiments that can be com-
P pleted in a specified period of time will be determined. By modifying the
sequence of experiments (which involves modifying the GERT network) an
analysis can be performed on proposals for different sequencing procedﬁres.

It will be assumed that there are three poséible outcomes from the

performance of an experiment: 1) successful completion; 2) failure; and

e icish skl

TR il

3) inconclusive results. If an experiment is successfully completed the

next experiment in the sequence is performed. 1If a failure‘occurs, the

LRI A

experiment is scrubbed and the next experiment is then performed. If the

?‘ results of an experiment are inconclusive, the experiment is repeated n
E_

times or until a success or failure occurs. The experiment is scrubbed if
it is tried n times and the results are still inconclusive.

The GERT network for a three experiment program is shown in Figure 10.
Node 2 is the start node and initiates a transfer to node 3. .Node 3 represents
the decision point for the first experiment. If the first experiment is
successful, the activity from node 3 to node 4 is traversed. .If the first

experiment fails, then the activity from node 3 to node 19 is taken. The

* This example was developed by Mr. J. Ignizio in a seminar on GERT based on
Mr. Ignizio's experience [5].
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second experiment is started by transfeiving from node 19 to node 4. If

the results of the first experiment are inconclusive, the activity from

node 3 to node 10 is taken. Tﬁe output of node 10'is DETERMINISTIC; and
both the.first experiment is performed again and a signal to node 13 is sent
to indicate that the first experiment has been performed once. Thus, for
each experiment we will either transfer to node 4 or reach no&e 13. Wh;n
node 13 is realized threé times, the activity from node 13 to node 14 is
tivaversed. This activity is labeled as activity 1 and causes the network

to be modified by replacing ncde .3 with node 7. After this occurs when

node 3 is realized, node 7 is in the network and a transfer to node 4 is
caused. A similar discussion holds for experiments 2 and 3. From the net-
work it is seen that nodes 19, 20, and 21 represent the failure of exveriments
1, 2, and 3, respectively. Nodes 14, 16 and 18 represent the outcomes that
1néonc1usi§e results were obtained after the maximum number of experiments
could be performed for experiments 1, 2, and 3, respectively.

Table 1 presents the dgta for the experimental characteristics to be
analyzed{ In Figuie 1 the wnpuc ter Yeaepls 2 45 presenteds The GLRTS
IIi echo check for the description ot the network is presented in Figures
12 and 13. Figure 14 presents a summary report describing the results from
the GERTS II1 éimulation of the sequence proposed for the space experiment
program, From the output it is seen that experimenf 1 failed 15.75% of the
time and had inconclusive results 3.5% of the time. Therefore, it was success-
ful 81% of the time. The time to complete experiment 1 is the time to reach
node 4 of the network. Figure 14 shows that on the average it took over 46
time units to reach node 4 with a standard deviation of over 18 time units.
In some instances it took as little as 24.5 time uni*s and in others it
took over 114 time units to complete the experiment., The number of times

that experiment 1 was completed within given time intervals is presented in

26
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SPACE EXPS 2 5201972 400 4 40 1267 EX 210
20 1 1 31 1% 1 EX 2 20
21 v 0 EX 2 30
33 1 1P 5 1 A EX 2 40
4 2 1 1P 25 3 A EX 2 50
5 2 1 1p 37 3 A EX 2 60
6 2 1 D 37 3 A EX 2 70
7 1 10 : EX 2 80
8 1 10 EX 2 90
9 1 10 EX 2 100
10 1 10 EX 2 110
11 1 10 EX 2 120
12 1 10 EX 2 130
13 3 D EX 2 140
14 3 1 p 1 1 F EX 2 150
15 ) EX 2 160
16 3 1 0 65 1 F EX 2 170
17 2 0 EX 2 180
18 3 1 D 50 2 F EX 2 190
19 3 1 10 1 1 A EX 2 200
20 3 1 10 27 2 A EX 2 210
20 3 1 10 4l 3 A EX 2 220
2 . EX 2 230
1o 5 20 3 EX 2 240

20 15 25 1 EX 2 250
15 10 30 3 EX 2 260

¢ EX 2 270

1 Z 3 1 2 EX 2 260

[ 3 4.2 2 EX 2 290

3 310 4 1. EY 2 300

1 319 4 1 EX 2 310

s 4 5 3 2 EX 2 320

4 411 4 1 EX 2 330

1 420 4 1 EX 2 340

7 5 6 4 1 EX 2 350

2 512 4 1 EX 2 360

1 521 4 1 EX 2 370

1 1T 4 2 2 EX 2 380

1 B 5 3 2 EX 2 390

1 9 6 4 1 EX 2 400

1 10 31 2 EX 2 410

1 113 4 1 EX 2 420

1 711 4 2 2 EX 2 430

1 1115 4 1 EX 2 440

1 12 5 3 2 EX 2 450

1 1217 4 1 EX 2 460

1 1314 4 1 1 EX 2 470

1 15 16 4 1 2 EX 2 480

1 1715 4 1 3 EX 2 490

1 19 4 2 2 EX 2 500

1 2 5 3 2 EX 2 510

1 21 6 4 1 EX 2 520

2 EX_2 530

1 3 7 EX 2 540
2 4-8 EX 2 550
305 g EX 2 560
& EX 2 570

Figure 11. Input Data for Example 2
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GERT SIMULATION PROJECT 2 BY SPACE EXPS
DATE 5/ 20/ 1970

SENETWORK DESCRIPTION®=
NODE CHARACTERISTICS

g AR M T PDIRY

HIGHEST NODE NUMBER IS 21
NUMBER OF SOURCE NDDES IS 1
NUMBER OF SINK NODES 1S 1
NUMBER“DF NODES TO REALIZE THE NETWORK IS )
: STATISTICS COLLECTED ON 10 NODES
; NUMBER OF PARAMETER SETS IS 4
INITIAL RANDOM NUMBER IS 1267 0.0

NODE  NUMBER NUMBER OF RELEASES QUTPUT  REMOVAL DESIRED STATISTICS BASED -
‘ RELEASES FOR REPEAT TYPE AT REALIZATION ON REALIZATIONS
E . .
H 2 o 9999 . D
3 1 1 P A
4 1 1 P A
s 1 ' 1 P A
6 1 9999 D A
7 1 1 0 .
8 1 1 D
9 1 1 0
10 1 1 0
g 11 1 1 D
£ 12 1 1 D
: 13 3 9999 0
14 1 9999 0 F
[ 18 3. 9999 o,
P16 1 9999 ) F
17 2 9999 D
;18 "1 9999 0 F.
19 1 1 0" A
P20 1 1 0 A
P21 1 1 0 A
'SOURCE NODE NUMBERS
2
SINK NODE NUMBERS
6

STATISTICS COLLECTED ALSO ON NODES -
21 20 19 18 16 14 5 4 3

Figure 12, Echo Check for Example 2
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*2ACTIVITY PARAMETERS**

PARAMETER . PARAMETERS

NUMBER 1 2 3 .
1 10. 0000 5.0000 20.0000 2.0000
2 20,0000 15.0000 25.0000 1.0000
3 15.0000 10.0000 30,0000 - 3.0000
It 0.0 0.0 0.0 0.0

SEACTIVITY DESCRIPTION®#

START END PARAMETER DISTRIBUTION COUNT ACTIVITY PROBABILITY
NODE NOOE NUMBER TYPE TYPE NUMBER .
2 3 1 2 ] 0 1.0000
3 4 2 2 0 0 0.6000
3 10 4 1 0 0 0.3000
3 19 4 1 0 0 041000
4 5 3 2 0 0 0.5000
4 11 4 1 0 0 0.4000
4 20 4 1 0 0 0.1000
] 6 4 1 0 0 0.7000
] 12 4 1 0 0 0.2000
S 21 4 . 1 0 0 0.1000
7 4 2 2 0 0 1.0000
8 ] 3 2 0 0 1.0000
9 6 4 1 o ‘ 0 1.0000
10 3 2 ] 0 1.0000
10 13 4 1 0 0 10000
11 4 2 2 0 0 1.00600
11 15 4 1 0 0 1.0000
12 - 5 3 e 0 0 1.0000
12 17 4 1 0 0 1.0000
13 . 14 4 ) 0 1 1.0000
1% 16 4 1 0 2 1.0000
17 18 4 1 0 3 1.0000
19 4 2 2 o 0 1.0000
20 5 3 g 2 0 0 1.0000
21 ] 4 1 "] 0 1.0000

#SNETNORK MODIFICATIONS®# ' ;
ACTIVITY NODE FILE NODE FILE NODE FILE NODE FILE NODE FILE NODE FILE NODE FILE NODE FILE NODE

1 3 T
2 4 8
3 5 9

Pigure 13. EBurther Echo Check for Example 2
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NODE

NODE

20

2 19

.

14

PROB./COUNT

1.0000
0.1300
0.1525

0.1575

040350
0.0675
0.0350
1. 0600
1.0000
1.0000

LOWER
LIMIT

37.00
41,00
27.00
1.00
50.00
65.00
1;00
37.00
25.00 -

5.00

GERT SIMULATIUN PROJECT
DATE 5/ 20/ 1970

*%FINAL RESULTS FOR 400 SIMULATIONS*=

CELL
WIDTH

3.00

3.00

2.00

1.00

2.00

1,00 °

1.00

3.00

1.00

Pigure 14.

MEAN STD.DEV.
6601562 21.8904
6842321 21.8631
44,6018 16,2177
13.3597 6.6827
77.9196 22,1003
73.4611 7.2378
29.9889 3.0599
$5.8379  21.5760
4641740 16,7907
14.1291 7.5545
#oHISTOLRANS ##
2 10 32
17 18 12
6 5 4
4 5 1
5 2 1
0o * 1 0
. & 5 7
2 2 '
2 0 2
0 0 0
9 2 0
2 3 0
0 0 1
0 0 0
. 0 0 0
0 0 4
0 0 0
0 0 .0
0 0 0
0 0 0
0 0 .0
2 12 39
22 22 13
.10 . 5 6
2 59 135
8 20 18
10 10 2
0 11 20
8 10: 8
1 4 10

2 BY SPACE EXPS

# OF
08s.
400.
524
61.
63e
l4.
27.
14,

493,

670.
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the histogram for node 4. Sim@lar statistical quantities are available for
the other nodes of the network.

Another interesting feature that could be incorporated into the network
model for the sequencing of experiments is the changing of the sequence depend-
ing on the results of some d0f the experiments. This would be accomplished

through the network modification procedures of the GERTS III program.

Table 1. Experiment Characteristics

Experiment Probability Probability - Probability Allowable

of of of Numbers
Success Failure Inconclusive of
Results Repeats
1 ' 0.6 0.1 0.3
0.5 0.1 0.4
3 0.7 . 0.1 0.2
Experiment Mean Minimum . Maximum Standard
Time Time Time Deviation
10.0 5.0 . 20.0 2.0
20.0 15.0 25.0 1.0
i

15.0 10.0 ' 30.0 3.0




GERTS IIIQ

In modeling some systems there is a need for a node which provides a
storage capability. To meet this need, a Q-node has been developed and
added to the basic GERTS III program. The simulation program which includes

the capability of modeling systems with this Q-node has been labeled GERTS

111Q. The Q-node is the only new feature included in GERTS IIIQ. The

graphical representation of a Q-node is shown below.

Initial Number
in Queue . ﬂ

' Node Number PROBABILISTIC
Maximum Numbter Q %~ Qutput
Allowed in Queue

\DETERMINISTIC Output

When an activity is completed that is incident to a Q-node, two things can
occur: 1) the activity following the Q-node can be initiated; or 2) the
number in the queue can be increased -by 1. The activity emanating from a
Q-node represents a service-activity. It is assumed in GERTS IIIQ that the
service activity can only serve one item at a time. (The word item will be

used to represent the concept of a cusfomer, a transaction, etc.).  If the

service activity is currently serving an item then the arriving item is

put in the queue by increasing the number in the queue by one. The position
of the arriving item in the queue can be done either on a first-in-first-out
(FIFO) or last-in-first-out (LIFO) basis. The GERTS IIIQ program also per-
mits the specification of a maximum number of items in a queue. When this
maximum value is obtained and a new item arrives, the item can either balk
from the system or talk to a node as specified by the analyst. If the item

balks from the system, no new nodes are realized ru:= the path representing

the item is completed. If the item balks to a node, the node is realized




immediately and the activities ema&atiug from the node aré scheduled. From
the above it caﬂ be seen that the concept of number of releases is not -
appropriate for a Q-node.

For each Q-node used in the GERTS IIIQ program, the following information
is required:

1, Initial number of items in the queue;

2, The maximum number of items allowed in the queue;

3. The node an item balks to if it cannot join the queue; and
4

. Whether the items joining the queue are to be ranked
according to the FIFO or LIFO priority procedure.

The above characteristics are associated with a node and as such would be

described on Data Card Type 3 of the input cards (see Appendix A - for format). .
If the initial number in the queue is greater than zero, it is aésumed

that the server is busy. If it is desi;ed to have 0 in the queue but ghe

server busy then an activity from a source node to the Q-node will accomplish‘

this result. No descriptioﬁ of the activities incident to a Q-node nor

activities emanating from a Q-node are required. The GERTS IIIQ program

automaﬁically identifies these activities when the activities for the net- .

work are inserted into the computer. :

Restrictions Associated with Q-Nodes

The major vestriction with regard to Q-nodes is that only one service
activity can be associated with a Q-node. However, a probabilistic output
from a Q-node is allowed where each of the acgivities emahating from the
Q-node can be considered to represent the same server. The ofher restrictions
associated with a Q-node are due to the desire to save core storage space and
to alleviate the data input problem. These restrictions are:

1. A service activity cannot be an input to a Q-node;

2. Activities which are either incident to a Q-node or
represent a service activity cannot have counter types
associated with them; and =




3. If the maximum number allowed in the queue is not
specified, a large value is assigned. If no queue
is really desired a -1 must be inserted for the
maximum number allowed in the queue.

Statistics are collected on each Q-node. The number of Q-nodes plus

the number of statistics nodes must be less than or equal to 100. To

increase this number, the dimensions of selected arrays must be changed.

- Statistics Collected’

The GERTS IIIQ program is written to simulate the same network a given -
number of times. For each simulation of the network, values are collected
on the average number in each queue as opposed to the number in a queue. As
an automatic output of the GERTS IIIQ program, statistical estimates are

given for the average number in each queue, the average busy time or

utilization of each server, and the average rate of balkers per unit of

time for each Q-node.

Examples of GERTS IIIQ

Three examples presented in this section of the use of the GERTS IIIQ ;
program are:

1. A single channel queueing system;
2. A conveyor system; and

3. A network of queues.

A model of a registration system for a university which involves Q-nodes is .

given in Ref. [1].

Example 3: A Simple Queueing Situation

The GERT network representing a single server, single queue situation

is presented in Figure 15. Node number 2 is the source node and is used to

activate node 3 which represents the generation of arrivals to the system.




Figure 15. GERT Network for a Simple Queueing Situat




The output side of node 3 is DETERMINISTIC, hence, the branch from node 3

to node 4 and the branch from node 3 back to node 3 are realized everytime

nodg 3 is realized. The branch from node 3 to node 3 represents the time
between the arrival of items to the system. Since we desire to establish
the time of arrival of items to the system, node 3 is made a mark node.
Node 4 is inserted into the system in order to collect statistics on the
times between arrival of items. This node will provide a check on the
interarrival time distribution represented by the branch from node 3 to
node 3.

The output of node 4 is then the input to the Q-node, node 5. It is
assumed that there are 3 items in the queue initially and that thé queue has
a capacity of 6. The.braﬁch from node 5 to node 6 represents a service
activity. 1If items are in the queue at time O then it is assumed that the'
service activity is on-going. The time required for the item to traverse

this branch is the service time. Node 6 is used to collect statistics on the

time an item spends in a system. Node 6 is identified as a statistics node
with statistics collected on a time intervai. Thus the'time‘it takes for the .
item that was marked at node 3 until the time the item reached node 6 is a
value that is collected and associated with node 6. The output side of node
6 is DETERMINISTIC and the branches from node 6 to node 7 and node 6 to node
8 are both realized. Node 7 is a statistics node and collects samples on
the time between realizations of node 6. This represents the time between
departures of items from the system. Node 8 is a sink node and is used to
specify the number of items required to realize the network. 1In this
example, the number of releases for node 8 is set at 200. This corresponds
to the number of items to be inclﬁded in one simulation of the network;

Figure 16 presente the input data for the network. ‘Figures 17 and 18 -

illustrate the GERTS IIIQ echo check of the network. Note that the echo




SIMPLE QUEUE 3 5201970 50 3 25 1267 1 EX 3 10
1o 1 1 1 4 y X 3 20
Z 1 EX 3 3
3 4 EX 3 40
4 3 1 1 1 3 B EX 3 S0
5 5 3 6 1 2 10 EX 3 60
6 3 1 1 1 31 3 EX 3 70
7 311 1 1 8 EX 3 80
8 2200 1600 50 A - EX 3 90
10 11 EX 3 100
0 EX 3 110
0 EX 3 120
60 0 75 1 4 EX 3 130

5 0 75 1 EX 3 140 |

T Z 3 1 1 T 3 130 i
1 3.3 2 & EX 3 160
1 3 4 11 EX 3 170
1 4 5 1 1 EX 3 180

1 5 6 3 4 5 €X 3 190 -

1 6 7 1 1 EX 3 200
1 6 8 1 1 £X 3 210
1 100 8 1 1 EX 3 220
0 EX 3 230

Figure 16. Input Date for Example 3
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check indicates a count type of -1 for the branchvfrom node 4 to node 5. A

-1 is associated with the variable repfesenting a count type for all activities
incident to Q-nodes. For branch 5-6, the count type Qariable is given the
negative of the source node number. Note that these values are not inserted
as input information but are ;utomatically set in the GERTS IIIQ program. The
storage savings resulting from using the same variables for two‘different.pur-
poses 1s significant. In Figure 17,the code -1 is given for the number of
releases for node 3. This identifies node 3 as a mark nodé. In the section
on queue nodes in Figure 17, node 5 is identified as a Q-node with the queue
priority being first-in-first-out (FIFO)., The 10 in the node for balkers
column indicatesvthaé items balk to node 10 if the queue is filled when

they arrive., The capacity of the queue is printed under the column

heading "maximum number allowed".

The final results for 50 simulations of the simple queueing network arc
given in Figure 19. These results are given for the input information pre-
sented in Figure 16. The interarrival £ime distribution was exponential
and the service times were al;o exponentially distributed (Erlang with k =
1). From the values obtained for node 4 it is seen that the interarrival time
distribution is close to the theoretical distribution. The time spenﬁ in the
system by a custdmer is collected at node 6. The ;verage value is 15.93. The
standaré deviation, minimum, maximum and a histogram for the time spent in
the system is also shown in Figure 19, For exponential interarrival times
with an unlimited queue it is well known that‘the departure process is also
exponential with the same parameter‘as for the arrival process. With a
limited queue this is not the case and one would oxpect slightly higher
average times between departures. Thié is confirmed bv the stat;stips
collected on node 7. The statistics collected on node 8 repreéént the time

required to process 200 items including those items that balked.
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GERT SIMULATION PROJECY 3 BY SIMPLE QUEUE

UVATE 5/ 20/ 1970

*¥NETWORK: DESCRIPTION®»
NODE CHARACTERISTICS

HIGHEST NODE NUMBER IS 10

NUMBER OF SOURCF ‘“IGDES IS 1

NUMBER OF SINK NODES IS 1

NUMBER OF NCDES TO REALIZE THE NETWORK IS 1
STATISTICS COLLECTED ON 4 NODES

NUMBER (OF PARAMETER SETS IS 3

INITIAL RANDOM NUMBER 1S 1267 0.0

QUEUE NODES

NODE INITIAL #  MAXIMUM #  OUTPUT NODE " FOR PRIORITY
IN QUEUE ALLOWED TYPE BALKERS SCHEME

5 3 ' 6 D 10 FIFO

SOURCE NODE NUMBERS
2 .

SINK NODE NUMBERS
8

STATISTICS COLLECTED ALSC ON NODES
7 6 4

Figure 17. Echo Check for Example 3

NUMBER NUMBER OF RELEASES OUTPUT REMOVAL DESIRED STATISTICS BASED
ON REALIZATICONS

NODE

: RFLEASES FOR REPEAT TYPE - AT REALIZATION
2 (+] . 9999 0
3 -1 -1 )
4 1 1 D 8
6 1 1 0 1
7 1 1 D 8
8 200 9999 D A

-10 1 1 D




S*ACTIVITY PARAMETERS*# i

PARAMET ER PARAMETERS
NUMBER 1 2 3 4
1 0.0 0.0 0.0 0.0 |

2 6,0000 0.0 75.0000 1.0000

3 5.0000 0.0 75.0090 1.0000

*&ACTIVITY DESCRIPTION®*=

START END PARAMETER DISTRIBUTION COUNT ACTIVITY PROBABILITY

NGOE NODE NUMBER TYPE TYPE NUMBER
: 2 3 1 : ] 0 1.0000
43 3 2 4 0 0 1.0000
O 3 4 1 1 [+] 0 1.0000
i 4 5 1 1 -1 0 1.0000
5 () "3 4 -5 0 1.0000
6 7 1 1 "0 0 1.0000
6 8 . 1 1 0 0 1.0000
10 8 1 1 0 0 1.0000

Figure 18. Further Echo Check for Example 3
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GERT SIMULATION PRUJECT 3 3Y.SIMPLE QUEUE
OATE 57 20/ 1970

**FINAL RESULTS FOR 50 SINULATIONQ‘*

NODE  PRUB./COUNT MEAN  STD.DEV. & OF  MIN. MAX. NODE TYPE
. 08S. .
8 1.0000 1195.4866  77.555% 50. 1043.5808 1412.6975 A
7 1.0000 6.3787 63492 9355, 0.0 62.3682 B -
6  1.0000 15.9314 24,0739 9355,  0.0012 284.9275 1
4 1.0000 5.9883 5.9670 9943, 0.0 56,4771 B

S U S

_ *#QUEUE NODES##
" NODE MEAN  STD.DEV. # OF MIN. MAX.

. 08S.
"6 1.826C  0.4464 50.  0.8555  2.7119 AVERAGE NUMBER IN THE QUEUE
5  0.7870  0.0588 50.  0.5975  0.9061 AVERAGE BUSY TIME OF PROCESSOR
5  0.0111  G.0061 50s 0.0 0.0263 AVERAGE BALKERS PER UNIT TIME -
*SHISTOGRAMS ##
LOWER  CELL ' .
NODE LIMIT  WIDTH : FREQUENCIES
8 1000.00 50.00 o- 1 3 11 14 9 8 2 1 1 - o
- 0 0 0 0 o 0 0 0 0 0 0
| 0 0 0 0 o 0 0 o o 0
7 1,00  1.00 1368 1134 1040 812 685 605 558 452 ‘401 342 289

259 226 160 137 122 110 93 91 72 76 43
38 40 32 18 16 13 20 20 15 68

J 6 1.00 3.00 553 1838 1593 1237 944 659 472 364 225 184 141
S . 123 118 83 7 62 63 ° 55 36 41 46 a3 .
n 26 39 32 24 14 il 20 13 20 209

. 4 1.00 3,00 1544 3317 1932 1252 790 429 279 156 9% 55 28

' - 25 16 15 5 1 ] 2 0 1 ] 0
0 0 ] ] o o 0 0 0 ]

5 1,00  0.20 2 1 4 9 7 13 ] 1 5 3 0

0 0 0 0 0 ] 0 0 0 () 0!

0 0 0 -0 0 0 0 0 0 0 !

Figure 19, GERT IIIQ Summary Report for Example 3
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Statis lcs collected on the Q-node indicate that the average of the
average number in the queue was 1.826, A histogram for this variable is
shown under node 5 in the histogram section of the final report. It is
seen that the standard deviation of the average number in the queue is
0.4464, The high and low values observed for the average number in the
queue are also recorded in Figure 19. The average of the fraction of the
time the server or processor was busy was 0.787.

Figure 20 shows the network for a queueing situation in which the queue
is empty initially and the server is idle. Figure 21 [llustrates the net-

work in which the queue 1is empty and the gerver is busy.
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Figure 21, GERT Network for Simple Queueing Situation with the
Server Initially Busy and No ine in the Queue



Example 4: A Conveyor System

The network representing a continuous belt conveyor system with five
servers is shown in Figure 22. The queue for the first server is represent-

ed by node 3. This server is not permitted to have any items in his queue,

.
1

The second server is represented by node 4 and he is allowed one item in his
queue. When an item arrives to the first server and the server is busy, it
balks to node 13 and the activity from node 13 to node 4 represents the
delay incurred in traveiing from the first server to the second server.
Nodes 5, 6 and 7 répresent the queues of the third, fourth, and fifth servers
respectively. The service activities are represented by the branches from
nodes 3 to 9, 4 to 9, 5to 9, 6 to 9, and 7 to 9. When an item balks from
the queue of the fifth server, it is routed around the conveyor to the first
server. This is represented by the activities from node 17 to node 8 and
from node -8 to node 3.

The b?anch from node 2 to node 2 represents the interarrival time and,

hence, the interarrival process of items to the system. Node 2 is also a

mark node. Node 9 represents the departure point for items from the system.
Node 9 is a statistics node with interval statistics being calculated. Thus
the results obtained regarding the statisticsifor node 9 describe the time
in the system for each item.

The input required for this network is given in Figure 23. Note that
the maximuﬁ number of items allowed for node 3 has been set at -1. This is
required to specify thgt no one can be in the queue of éerver one. (A blank
would indicate that an infinite queue vould be possible). The GERTS IIIQ
echo check is given in Figures 24 and 25. The results from 30 simulations

with each simulation containing 300 items is shown in Figure 26.
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CONVE YOR 4 5201970 50 4 200 12067 ] ooy UTn
ig_ 1 1 1 2 1 =« i Vs -t
2 4 0 10 : . B SN
3 5 0 =10 0.0 140 13 ‘ tY & et
4 5 0 10 .4 <01 14 Y oA N2
5 5 4] ZD 3 -03 15 Y & &
& 5 6 3D 0.0 .05 16 . : tv e T
T S5 0 40 0.C 003 17 1K & %
8 i 10 K tL 4 %
§ 3 1 1D 1.0 Ce25 1 3 W T
17 230¢ 30.0 1..0 A ty & 110
13 1 1 ) ty & 102
14 11 Ex & 1O
15 1 1 £ & 142
16 1 1 EX & 18D i
17 1 1 EX & le3
18 1 & 1D X & 170
) fX & =2
0s 5 vt
0.32333 4.0 1€0.90 1.0 ' 4 EX & 200
1.9 N.0 100.0 1.0 EX & Q10
5.C : £X & 200
1.0 2 2 2 & tX & <32
1.3 2 3 1 1 EX 4 240
1.0 3 9 3 &4 - EX 4 2%)
1.0 4 9 3 4 EX & 260
1.0 5 9 3 4 EX 4 2710
1.0 6 9 3 4 EX & 280
1.0 7 9% 3 4. EX 4 290
1.2 8 3 4 1 1 EX 4 309
1.2 910 1 1 5 EX 4 310
1.% 13 4 3 1 EX & 320
1.0 14 5 3 1 EX 4 330
1.0 15 6 3 1 EX & 340
1.0 16 7 3 1 EX & 350
1.9 17 8 3 1 EX & 36)
1.0 18 2 1 1 EX & 370
0 EX & 380

Figure 23. Input Data for Exemple b
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GERT SIMULATION PROJECT 4 BY CONVEYQOR

DATE S5/ 20/ 1970
**NETWORK DESCRIPTION#®%

. NODE CHARACTERISTICS
HIGHEST NODE NUMBER IS 18
NUMBER OF SOURCFEF NODES IS 1
NUMBER OF SINK NODES IS 1
NUMBER OF NODES TO REALIZE THE NETWORK IS 1
STATISTICS COLLECTED ON 2 NODES
NUMBER OF PARAMETER SETS IS 4
INITIAL RANDOM NUMBER IS 1267 0.0

NODE NUMBER NUMBER OF RELEASES OUTPUT . REMOVAL DESIRED
RELEASES FOR REPEAT TYPE AT REALIZATION
2 -1 -1 D
8 1 1 0
9 1 1 D
10 300 - 9999 D
13 1 1 D
14 1 1 D
15 1 1 D
16 1 1 D
17 X 1 s D
18 Y 1 0
QUEUE NODES
NODE INITIAL # MAXTMUM # ouTPUT NODE FOR PRIORITY
IN QUEUE ALLOWED TYPE BALKERS SCHEME
3 0 0 D .13 FIFO
4 0 1 D 14 FIFO
5 0 2 D 15 FIFO
6 0 '3 D 16 FIFO
7 0 4 D

~

- 17 FIFO

SOURC-= NODE NUMBERS
18

SINK NODE NUMBERS
10

STATISTICS COLLECTED ALSO ON NODES
9

Figure 24. Echo Check for Example &4
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PARAMETER
NUMBER

W e

END
NODE

NONOWVIPFOWOOVOOWN

*RACTIVITY PARAMETERS**

PARAMETERS
1 2 3
0.0 040 0.0
0.3333 0.0 100.0000
1.0600 0.0 100.0000
5.0000 0.0 0.0

*EACTIVITY DESCRIPTION**

PARAMETER

= WWWWWHEPWWWWWeN
P b s Pt et ot g g BB P e

)

DISTRIBUTION COUNT
NUMBER TYPE ‘TYPE

0
-1
-3
-4
-5
-6
-7
-1

0
-1
-1
-1
-1

0

0

Figure 25. Further Echo Check for Example 4
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0.0
1.0000
1.0000
0.0

ACTIVITY
NUMBER

(=

[~N-N-F-N-R-N-Nol-NoN-N-N-N.)

PROBABILTTY

1.0000
1.0200
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1. 00060
1.0000
1.0000
1.00060
1.0000
1.0000
1.0000
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DATE 5/ 20/ 1970

SR

i

: #%FINAL RESULTS FOR 50 SIMULATIONS#* .
NODE  PROB./CGUNT  MEAN  STO.DEV.  # OF  MIN. MAX. NODE TYPE
10 1.0000 103.1165  5.4792 50,  91.2783 117.4670 A
10 1 0.0 0.0 50. 0.0 . 0.0
9 1.0000 3.2255°  2.4347 15000,  0.0000 28.1721 _ 1
9 .

1 U0 0.0 15000. 0.0 0.0

**QUEUE NODES#*#*

NODE MEAN STD.DEV, # OF MIN. MAX.
0BS.
3 0.0 0.0 50. 0.0 0.0 AVERAGE NUMBER IN THE QUEUE
3 0.7473 0.0296 50. 0.68618 0.8178 AVERAGE BUSY TIME OF PROCESSOR
3 2.2669 0.1633 50. 1.8814 2.6341 AVERAGE BALKERS PER UNIT TIME
4 0.5801 0.0501 50. 0.4792 0.6972 AVERAGE NUMBER IN THE QUEUE
4 048430 0.0374 50. 0.7570 0.9249 AVERAGE BUSY TIME OF PROCESSOR
4 1.4013 0.1679 50. 1.0812 1.8544 AVERAGE BALKERS PER UNIT TIME
15 0.8984 0.1377 50. 0. 5545 1.2069 AVERAGE NUMBER IN THE QUEUE
P05 0.7436 0.0689 50. 0.5521 0.8755 AVERAGE BUSY TIME OF PROCESSOR
is 0.6266 0.1516 50. 0.3661 1.0115 AVERAGE BALKERS PER UNIT TIME
e 0.6415 0.2487 . 50« 0.2146 1.2762 AVERAGE NUMBER IN THE QUEUE
L6 0.4614 0.1102 50. 0.2786 0.7230 AVERAGE BUSY TIME OF PROCESSOR
i e 0.1418 0.0779 50. 0.0177 0.3840 AVERAGE BALKERS PER UNIT TIME .
7 041552 0.1227 50. 0.0 0.5686 AVERAGE NUMBER IN THE QUEUE
.7 0.1368 0.0714 5G. 0.0 0.3145 AVERAGE BUSY TIME OF PROCESSOR
7 0.0079 0.0143 50. 0.0 0.0623 AVERAGE BALKERS PER UNIT TIME
*¥HISTOGRAMS *¥
1 LOWER CELL - .
© NODE  LIMIT  WIDTH FREQUENCIES - '
10 30.00 1.00 0 0 (Y 0 0 0 0 0 ) 0 o
o 0 o 0 o 0 0 0 ) 0 0
0 0 0 0 0 0 0 0 0 50 '
9 1.00 0.25 2433 7131 639 606 553 836 717 659 620 7191 686
669 494 553 SOl 429 390 324 281 251 226 182
171 128 126 101 92 60 68 71 58 519
3 0.0 1.56 7 50 0 0 0 0 0 0 0 0 0
b 0 0 ) 0 0 0 0 0 0 0
0 0 U 0 0 0 0 0 0 0
' 0.40 0.01 0 0 0 0 0 0 0 0 1 0 1
3 1 2 2 3 4 4 5 3 6 4
2 e 2 2 1 o -2 1 1 0 |
. ol
N 0.30 0.03 ) 0 0 0 0 0 0 0 0 1 1]
! 0 0 1 2 3 2 2 4 3 6 4
6 3 4 2 1 3 0 0 1 1
e 0.0 0.05 0 0 0 0 0 1 2 2 2 2 8 |
i 5 5 1 3 2 6 3 1 0 2 0
i 2 1 ‘1 0 1 0 0 0 0 0
w1 0.0 0.03 0 6 6 3 7. 8 1 6 » 4 3 |
: - 1 0 0 0 1 1 0 0 1 0. 0 |
0 0: 0 0 0 0 0 0 0 0

|

. . - - v —‘—**”"—‘"‘“'t‘_—\w
Figure 26. GERTS IIIngummary Report for Example 4
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Fxample 5: A Network of Queues

A model of a network of queues is shown in Figure 27. This example is
included to illustrate how queueing networks can be built up from the
fundamental symbols and concepts included in the GERTS IIIQ program. It
also offers another example.of the input and output information obtained
from the GERTS IIIQ program. This example is simply illustrative, and
no discussion will be given regarﬁing the netwopk nor the output.

The input for this network, the echo check, and the fiunal résults are
given in Figures 28 through 31,

The only novel feature included in this network of queues is the
repregsentation of a server by two activities. Q-node 5 is seen to have a
PROBABILISTIC output side. Each activity emanating from node 5 represents
the service activity. The service activity can direct items to different
locations in the network and the time characteristics of the service activity
can be different. Thus, the branch from node 5 to node 6 and the branch from
node 5 to node 8 represent the same service éctivity but allow the modeling

of different routings for items and different distributions for the service .

times for items.
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0 = NETWOEK 5 5201670 50 5 10C 1267 ] EX 5 10
T 1 1 1 1 7y EX 5 20
2 1 v] tX 5 30
3 1 10 : EX 5 40
4 1 1D EX 5 50
5 5 1P 3 1 o7 EX 5 60
6 1 1P EX 5 70
7 1 10 : EX 5 80
8 1 10 3 EX 5 90 :
9 & 3D ¢ 01 111 - . EX 5 100
10 1 10 ' EX S 110
11 1 10 - EX 5 120 .
12 5 n o1 02 o0 " EX 5 130
13 1 1D ' EX 5 140
14 5 D 3 3 0 £X 5 150
15 2200 O 66 1 A EX 5 160 .
0 : EX S 170
¢ £ 5 180
1 0 100 1 EX 5 190
33 9 100 1 4 EX 5 200
30 e 100 1 EX 5 210
1 ) 00 25 ' EX 5 22C
1 Z 2 1 1 EX 5 23
1 3 3 2 4 EX 5 240
1 3 4 1 1 EX S 250
1 4 5 5 2 EX 5 260
1 4 9 5 2 EX 5 270
1 412 5 2 . EX S 280
5 5 6 3 4 EX 5 290
S 5 8 ¢ 4 EX 5 300
25 6.5 5 2 EX 5 31C
75 614 3 4 EX 5 320
1 7 9 11 5 EX 5 330
1 814 3 4 EX 5 340
1 910 4 4 EX 5 350
1 1914 3 & EX 5 360
1 1112 1 1 EX 5 370 ;
1 12 13 3 4 EX 5 380
1 13 14 3 & EX 5 390
1 14 15 3 & EX 5 400
c EX 5 410

Figure 28, Input Date for Example 5
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GERT SIMULATION PROJECT 4 5 BY Q - NETWORK

DATE 5/ 20/ 1570
#*NE TWURK DESCRIPTION®=
NODE CHARACTERISTICS

HIGHEST NOGE NUMBER 1S 15

NUMBER PF SOURCE NCOES IS 1

NUMBER OF SINK NUDES IS 1

NUMBER OF NCCES TO REAL IZE THE NETWORK IS 1
STATISTICS CUOLLECTED ON 1 NOOES

NUMBER OF PARAMETER SETS IS 5

INITIAL RANGCM NUNMGER IS 1267 0.0

NUMBER NUMBER OF RELEASES OUTPUT  REMOVAL DESIRED
RELEASES FOR REPEAT TYPE AT REALIZATION
0 9999 D
1 1 0
1 1 D
1 1 P
1 1 0
1 1 0
1 1 0
1 1 0
1. 1 D
200 9999 0
: GUEUE NODES
NODE INITIAL # MAXIMUM # OUTPUT  NODE FCR  PRIORITY
IN QUEUE  ALLCWED.  TYPE  BALKERS SCHEME
5 0 1 ) 7 FIFO
.o 0 3 ) 11 LIFO
12 0 $999 ) 0 FIFO
14 0 9999 P 0 FIFO

SOURCE NCDE NUMBERS
.2 :

SINK NODE ANUMBERS
15

Figure 29. Fcho Creck for Example 5
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**ACTIVITY PARAMETERS#*»*

PARAMETER PARAMETERS .
NUMBER 1 2 3 4

. 1 0.0 0.0 0.0 0.0

.2 1.6000 0.0 100.03C0 " 1e0C00

3 043300 0.0 106.0000 1,0000

: 4 G.3000 C.0 ° 100.0000 1.0000

§ 5 1.0000 0.0 100. 0000 C.2500

:

: **ACTIVITY DESCRIPTION®*

: START END PARAMETER DISTRIBUTION COUNT ACTIVITY PROBABILITY

% NODE NODE NUMBER TYPE TYPE NUMBER -

z 2 ¢ 3 1 1 0 0 1. 0000

i 3 3 -2 4 0 o 1.0000

% 3 4 1 1 Q 0 1. 0000

3 4 5 5 2 -1 0 ' 140000
4 9 5 2 -1 0 1.0000
4 12 5 2 -1 0 10000

5 5 6 3 4 -5 0 0.5000

% 5 .3 4 4 -5 0 0. 5000

: 6 14 3 4 -1 0 0.7500

. 6 ‘5 5 2 -1 ) 042500

t 7 9 1 1 -1 0 1. 0000

. 8 14 3 4 -1 0 1.,0000

-} 9 10 4 . 4 -9 0 . 140000 ;

10 14 3 4 : -1 0 1.0000
11 12 1 1- -1 0 1.0000 °
12 13 3 4 -12 0. 1. 0000
13 14 3 4 -1 o, 1.0000
14 15 3 4 -14 0 1.0000

Figure 30. Further Echo Check for Example 5
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GERT SIMULATION PROJECT
4 DATE 5/ 207 1979

**FINAL RESULTS FOR 50 SIMULATIGNS**

5 BY Q - NETWCRK

NODE  PROB./COUNT MEAN STD.DEV. ® OF MIN. MAX. NGDE TYPE
- 08 S.
15  1.0000 75.9332 °  6.1999 50.  64.0588 87.9079 A
e : B Rl . -
*+QUEUE NCBES*#
NODE  MEAN  STC.DEV. s OF MIN. MAX.
: oBS. )
5  0.0857  0.0341 56.  0.0332 _ 0.1907 AVERAGE NUMBER IN THE QUEUE
5  0.3239  0,0532 5C. . 0.2298 _0.4992 AVERAGE BUSY TIME CF PRGCESSOR
5  0,0869  C.0448 S0, 0.0119 0.1953 AVERAGE BALKERS PER UNIT TIME
9  0.1713  0.CBES . 50 0.0265  0.3757 AVERAGE NUMBER IN THE GUEUE
9  0.3231  0.0526 5C. 0.2138  0.4461 AVERAGE BUSY TIME OF PROCESSOR
9  0.0269  0.0353 50, 0.0 " Ge1704 AVERAGE BALKERS PER UNIT TIME
12 0.1954  C.1179 50, 0.0494  0.7191 AVERAGE NUMBER IN THE GUEUE
12 0.3269  0,0519 50,  0.22642  0.4668 AVERAGE BUSY TIME OF PROCESSOR
12 0.0 0.0 50, C.0 0.0 AVERAGE BALKERS PER UNIT TIME
14  13.3643 10.0472 50. 2.8222 56,4267 AVERAGE NUMBER IN THE QUEUE
14  0.88846  0,0744 S0. 0.6877  G.9826 AVERAGE BUSY TIME OF PROCES5SOR
14 0.0 0.0. 50. V.0 0.0 AVERAGE BALKERS PER UNIT TIME
. *
**HISTOGRAMS 2%
LOWER  CELL '
NODE LIMIT  WIDTH FREQUENCI ES
15  60.00 1.00 0 0 ¢ o 0 2 0o 2 1
3 4 1 3 4 1 4 3 2
0 1 2 1 3 1 2 0 0
5 0.03 0.01 6 2 2 6 8 8 7 4 4
1 1 1 0 0 1 1 o 0
0 o 0 0 0 0 0 0 0
9 0.0 0.01 0 0 0 1 0 e 1 2 6
4 c 2 2 4 2 2 3 2
1 3 2 1 1 1 1 o 0
12 .01  0.02 0 0 1 1 6 2 5 5 4
4 2 1 3 1 1 2 o 0
0 1 o 0 0 0 o 0 0
14 3,00  3.00 1 11 5 10 7 5 4 1 3
o o 1 0 0 0 0 1 0
0 0 o 0 0 0 0 0

Figure 31. GERTS IXIQ Summary Report Yor Example 5
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THE GERTS IIIC PROGRAM

The GERTS III program was modified to perﬁit the calculation of total
cost expended until a node of the network is‘realized. The cost informa-
tion for each activity is a start-up cost and a cost per unit time. These
two cost parameters are appended to the parameters associated with a
branch of the network. Total cost expended until a node is realized is
calculated for each node of the network which is designated as a statistics
node. The total cost expended inéludes the start-up cost for all activities
started prior to the realization of the node and the variable cost expended
to the time the node is realize&.

The changes in input information for GERTS ITIC are on Data Card Type
5 on which the attributes for an activity are defined. The start-up cost
and the variable cost per unit time are added (see Appendix A for formar).
No other data cards have been changed. For GERTS IIIC, statistical informa-
tion is collected‘on both the time and cost values. This necessitates an
extra rdw for each statistics node on the standard GERTS summary report.

If GERTS IIIC is used to solve a pioblem in which no cost information is
involved, an extré line will be printed on the GERTS summary report.

The GERTS IIIC program reqﬁires a&ditional storage since the cost
parameters for each activity must be stored. In addition, a slight increase
in computation time can be expected since each time a statistics node is
realized, the total cost expended to that time must be updated to include
the cbst of thé.on going activities. Aﬁ example of the GERTS IIIC program

is given in the next section.

Example 6: Maintenance Procedures for Multiple Completion 0il Wells

To illustrate the GERTS IIIC program the time <nd cost involved in

fixing a leak in a multiple completion oil well will be énalyzed [2]. A
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schematic diagram of an oil well is shown in Figure 32. It is assumed that

three different compositions oflfluid are being produced through three

separate tubing strings from three different geological formations or zones.

When any zone of the well has an anomalous change in production 6r a sudden

increase in the percent water, a leak is suspected. A leak can be caused

b§ a flaw in the casing, tubing, or in the packers that separate the zones.

When a leak is suspected, production from the well must be shut off in

compliance with government regulations.

The repair of the well consists of the following steps:

1)

2)

3)

Pull all three strings of tubing and the three packers out of the

well, If a packer becomes lodged, it has to be drilled out. This

requires much longer than the simple pulling job. The probability

of drilling each packer is 0.20; the time is normally distributed

with a mean of 24 hours and a standard deviation of 3 hours.

After all of the tubing and packers are'removed, tools are lowered

into the well to close off different sections of the well between

producing zones and test for leaks. Each section has the same

probability of having a leak, 0.20. It is not uncommon to find

leaks in different sections of the well. : ‘ .

If a leak is located, cement is forced into the leak under high ' . :
pressure. The well sits without work while the cement hardens.

After hardening, the cement remaining in the well bore is drilled

out and the repair job is tested. The total time for this procedure

is normally distributed with a mean bf 48 hours and a standard
deviation of 8 hours., If the test indicates that the leak has
not been corrected, the cementing procedure is repeated until

successful, The probability of a successful cement job is 0.50

o1
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Figure 32. Schematic Diagram of a Multiple Completion 0il Well




is independent of the number of previous cement jobs. After a
leak is repaired, Step 2 is repeated for the next section of
casing until each section éf casing is checked and all leaks
are repaired. -
4). The tubing is then run back into the well., After each string of
tubing is in place it is pressure tested for leaks. A leak
could occur, even with a new string of tubing, through a faul;y
connection or difficulty. setting the packer., The probability
of a leak in each tubing string is 0.10. If a leak is found,
the problem has to be corrected before more tubing is runm.
5) When all of the tubing is in place, the equipment is installed
on the head of the well and it is placed in production.
The GERT nerork representing the repair of the well is shown in Figure
33. Nodes 2 through 6 indicate the removal of the strings and packers from
tﬁe well. When node 5 is realized three times,‘all three packers have been
removed from the well, The two activities between nodes 3 and 4 represent
the actual removal of the gubing and packers. One activity represents the
direct removal of the tubing and packer whereas the other activity assumes
tﬁat the packer becomes lodged and has.to be drilled out. Nodes 7.through 12
represent the cementing operation. A successful gementing operation is
represented bf the activity from node 10 to node 9 whereas an unsuccessful
cemeﬁt job is represented by the feedback branch from node 10 to node 8.
When all four zones are successfully sealed, node 11 is realized which causes
a transfer to node 12 and a modification of the network by replacing node 7
by node 13. Node 13 represents the initiation of the replacement of the
tubes and packers into the well. Nodes 13 through 18 represent the rebuild-
ing of the well by inserting the casing, tubing and packers. The activity

from node 19 to node 20 represents the final well head installation.
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Hypothetical time and cost data have beén assigned to the various
activities of the network, Thé cost include both equipment and labor cost.
A listing of the input data to the GERTS IIIC program is given in Figure
34, The description of the network obtained from the output of the GERT
11IC program is presented im Figures 35 and 36. The fiﬂal results for the
simulation of the maintenance of the repair of an oil well are given in

Figure 37. All cost results are given in thougauds of dollars.
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D (T I

IR £ 5221972 200 1¢C 106 1267 : £x 6 191
26 1 1 1 3 3 1 - EX 6 290
2 1 < D eX 6 3
3 1 1P EX & 43
4 1 1o EX 6 50
5 3 D EX &6 60
6 1.1 EX 6 70
7 2 1 1p 80 12 F 1000 1000 EX 6 80
8 1 10 . EX 6 90
9 1 1D EX 6 100
17 1 1P 3 EX 6 110
11 4 D EX 6, 120
12 1 0 EX 6 130
13 3 1 1 80 12 F 20CO 1000 EX 6 140
14 1 1 EX 6 150
15 1 1P EX 6 160
16 1 1 EX 6 170
17 3 EX 6 180

13 1 o EX 6 190
19 1 EX & 200
23 2 1 120,90 12,2 F 10000 . 1200 EX & 210
J EX 6 220
680':1 0.\’.) 000 Ged EX 6736
239 11.0 35.0 3.0 EX 6 240
5.3 Coli 0.0 0.0 EX 6 250
Ce 0 0.0 0.0 0.0 * 4 EX b 269
4T 23,0 71.0 8oL : EX 6 289
2.0 Qe 0 0.0 0.0 EX 6 290
2440 Qe ’ 0.0 0.0 EX 6 309
1.0 ' 00 0.0 Ge0 ‘ EX 6 310
14,0 0.0 0.0 0.C EX 6 329
1w 2 3.1 1 T ) EX 8 310
o8 3 4 37l 0 125 EX 6 340
0.2 3 4 2 2 0 125 ) EX 6 350
1.0 4 3 8 1 0 125 EX 6 360
1.0 4 5 & 1 Y 0 EX 6 370
1.0 5 6 4 1 0 1 0 0 EX 6 380
N8 7 9 9 1 0 0 ’ EX 6 390
0.2 7 8 5 1 Y 90 : : EX 6 4C0
1.0 810 6 2 1 © 20¢ Q0 EX 6 410
1.0 9 7T 9 1 0 90 : 5 EX 6 420
l1edd 911 4 1 0 ] ) ’ EX 6 439
945 10 8 9 1 2 o 90. EX 6 440
Je 5 10 9 4 1 0 90 EX 6 450
1.9 1112 4 1 0 2 0 0 . EX 6 469
1.9 1314 3 1 100 150 , . EX 6 470
1.0 1415 7 1 o 150 ' EX 6 48C
0.9 15 16 4 1} 0 150 . EX 6 490
0.1 151310 1 3 O 0 150 ) EX 6 500
1.0 16 13 9 1 0 150 EX 6 510
1.0 16 17 4 1 | (1] 0 EX & 520
1.9 1718 4 1 0 3 0 ., 0 EX 6 530
1.0 19 20 8 1 0 90 EX &6 540
0 . EX 6 550
1 3 7 EX 6 560
2 113 6 ’ EX 6 570
31319 EX 6 560
0 EX 6 590

f
|

Figure 34. 1lnput Data for Example 6 ’ e e e
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GERT SIMULATION PRNJECT 6 BY OIL WELL
DATE 5/ 20/ 1970

¥*NETWORK DESCRIPTION®#
NODE CHARACTERISTICS

"HIGHEST NODE NUMBER IS 20

NUMBER OF SDURCE NODES IS 1

NUMBER OF SINK NODES IS 1

NUMBER OF NODFS TO REALIZE THE NETWORK IS 1
STATISTICS COLLECTED ON 3 NOUDES

NUMBER OF PARAMETER SETS IS 10

INITIAL RANDCM NUMBER 1S 1267 0.0

NODE NUMBER NUMBER OF RELEASES  OUTPUT REMOVAL DESIRED STATISTICS BASED
. RELEASES FOR REPEAT TYPE . AT REALIZATION  ON REALIZATIONS
.2 0 9999 1]
3 1 1 P
4 1 1 0
5 3 9999 0
6 1 1 0
T 1 1 [ F
8 1 1 0
9 1 1 D
10 1 1 P
11 4 9999 0
12 1 ‘9999 D
13 1 1 D F
14 1 1 0
15 1 "1 P
16 1 1 0
17 3 9999 0
18 1 9999 0
19 1 9999 D
20 1 9999 D F

SOURCE NODE NUMBERS
2

SINK NODE NUMBERS
20

STATISTICS COLLECTED ALSO ON NODES
13 7

Pigure 35. Echo Check for Example 6 .
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STARY END
NOOE NODE NUMBE
2 3 1
3 4 3
3 4 .2
4 3 9
4 S 4
] ) 4
7 9 9
7 8 5
8 10 6
9 7 9
9 11 4
10 8 9
10 9 4
11 12 4
13 14 3
14 15 7
15 J 16 - &
15 13 10
16 13 9
16 17 4
17 18 4
19 20 8

PARAMET
NUMBER

OCOD~NIPVEWN I

[~

*SACTIVITY PARAMETERS*#

ER
1

48,0000
23,0000
$.0000
* 0,0
70000
47.0000
200000
24,0000
1.0000
14,0000

PARAMETERS
2 3
0.0 0.0
11.0000 35,0000
0.0 0.0
0.0 0.0
0'0 o'o
23,0000 T1. 0000
0.0 0.0
0.0 0.0
0.0 0.0
0.0 : 0.0

SSACTIVITY DESCRIPTION®»

PARAMETER DISTRIBUTION COUNT ACTIVITY PROBABILITY

R TYPE TYPE NUMBER

Gk b Gl Pud Pub gul Pu Put Putt Pub (no Put Pud N Pud Do Pub Put Pt Y Pub Pus

OCO0O0OWOOOOONOO=OOOOO0O0OD

1.0000
C.8000
0.2000
1.0000
1.,0000
1.0000
0.8000
0.2000
1.0000
1.0000
1.0000
0.5060
0.5000
1.0000
1.0000
1.0000
0.9000
0.1000
1.0000
1.0000
1.0000
1.0000

OCWOOOOOONSCCOOCOOOmOOOOD

SENETWORK MODIFICATIONS®«

SETUP
cosTt

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
200.00
0.0
0.0
0.0
0.0
0.0
100.00
0.0
0.0
0.0
0.0
0.0
0.0
G.0

0.0
3.0000
0.0
0.0
0.0
8.0000
0.0
0.0
0.0
0.0

VARIABLE
CosY

0.0
125.00
125.00
125.00

0.0

0.0

0.0

90.0U
90.00
90,00
0.0
90.00
90.00

0.0
150,00
150.00
150.00
150.00
150.00

0.0

0.0

90.00

ACTIVITY NODE FILE NODE FILE NODF FILE NODE FILE NODE FILE NODE FILE NOOE FILE

1
2
3 1

3 7
T 13
3 19

Figure 36, Further Echo Check for Exsmple €
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GERT SIMULATION PROJECT

DATE 5/ 20/ 1970

6 BY OIL WELL

#SFINAL RESULTS FOR 200 STMULATIONS**

NODE - PROB,/COUNT

20 1.0000
€osT 1000)
20 1
20 .2
20 * 3
13 1.0000
CcosT (000}
13 1
13 2
13 3
b 7 1.0000
COST (000}
7 ' 1
7 2
7 3
LOWER  CELL

NODE LIMIT  WIOTH
20 120.00 12.00

! COST 10000.00 10€0.00

.13 80.00 12.00
COST 2000.00 1000.00

7 80.00 12.00

_ COST 1000.00 1000.00

Figure 37. GERTS IIIC Summary Repor

MEAN STD.DEV.
\ l ) N
212.1116 94,2245
179767 9.1826
1.43%0 1.8282
0.7050 1.3811
0.3600 0.6422
165.5267 92.689%
12.1930 8.8654
1.4350 1.8282
0.7050 1.3811
0.0750 0,2641
"95,4845 52,5304
" 642549 5e1346
0.3550 1.0268
01800 0.7314
0.0 0.0
**HISTOGRAMS*#
0 35 3%
7 4 11
2 1 o
35 9 21
7 4 [
0 1 0
0 47 30
7 6 7
0 2 1
0 0 47
8 6 11
2 2 2
95 50 12
2 t 1
0 0 1
0 ) 95
2 2 0
0 0 1
R #

# OF
0BS.

200,
200.
200.
200,
200.

200.
200.
200.
200.
200.

- 200,

2G0.
200.
200,
200,

. FREQUENCIES

~NW OON NGO O~ NFw ND&

t for Example 6 <
65

MIN.

122,0000
8.6700
0.0
0.0
0.0

82,0000

3,9100
0.0
0.0
0.0

68,0000

243400
0.0
0.0
0.0

12 14
2 4
2 2

i7 6
4 3
2 0
6 14
3 [
1 3

13 18
4 7
1 0
6 7
0 1
) 0

42 11
11
0 1

MAX. NODE TYPE °

$50.8337

49,1551
$.0000
8.0000
4.0000

510.8337

44,3951
9. 0000
8.0000
1.0000

439.5588

38.1400

- 8.0000
7.0000
0.0

-
QO™ OON NOWM wwd NV NSO

Omm Obed Oma OWE I

-
O e

- 0w VNN =W wwd rdNO.

- e
Py ONE= 2O

=ON ONOD ON-
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THE GERTS TIIR PROGRAM

GERT networks considered previously do not allow for the sitaatiﬁn in
which there are limited resources available to éerform a project. Vhen this
is the case, the activities of the project compete for the resources. To
introduce resources into the GERTS program, the resource requirements for
each activity are added to the description of each activity. The maximum
number of each type of resource that is available must also be specified.

The introducﬁion of resource requirements and resource limitations introduces .
a scheduling problem into the GERT framework.

With resource 1imitations; it is no longer possible to schedule an
activity whose start node has been realized since resource requirements may
not be available. Also Vhen an end of activity event occurs, re;ources that
were used on that activity are now available for use on other activities
and these activities may be considered for scheduling; Thus, when end of
activity events occur, a selection is to be made from among those activities
that can be started (the activities which have all their predecessor activities
completed). This selection should be made pnlthe basis of the performance
measures associated with the completion of the project.

There has been a large amount of research performed on resource ailoca—
tion problems for projects described in terms of PERT networks. No general
conclusions about a method for scheduling for such projects has been developéd
although several good rules have been proposed [12]. It has been found that
the performance associated with a rule is depeﬁdent on thé structure of the
network. Since the GERT network structure is much more complei than the
PERT network structure it is expected that the scheduling task will be more
difficult. The purpose of the GERTS IIIR program is to provide ; vehicle

with which resedrch can be performed in the development of scheduling rules
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for GERT networks. The GERTS IIIR program is concidered as a research
vehicle and is in a preliminary form. It is being reported on at this time
to present the resource allocation problem and to allow for discussion on

the general requirements for a vehicle to perform research in this area.

GERTS 'IIIR Program Philosophy

The GERTS IIIR program requires that the user write two programs. These
are Subroutine SCHDL and Function CALAT. SCHDL is written to déﬁine the
scheduling rules to be used during the simulation of a GERT network. CALAT

i1s used for calculating an attribute value on which activities can be ranked.

GERTS ITIR attempts to perform all the bookkeeping operations required for -

the simulation and requires of the user only a small amount of programming.

When GERTS IIIR calls subroutine SCHDL, it expects a selection of an activity

from among those activities that can be scheduled. An activity can be

scheduled if all its predecessors have been completed and sufficient resources

are aVailéble. All activities that can be scheduled; are stored as entries -’

in file NOQ. The first entry in file NOQ is stored in column MFE(NOQ). To

obtain the successor of an entry, the function KSUCC is provided. The call H
to this function is shown below to obtain the successor of the first entry

in file NOQ:
KCOL = KSUCC(MFE(NOQ), NSET, QSET)

In general, the successor to an entry can be obtained by using the FUNCTION
KSUCC. When the column number of an entry's successor is 7777, there are
no more entries in the file.

The attributes associated with an activity can be obtained by use of the.
subroutine TRNSF. 1If it is desired to obtain the attributes of the activity

stored in column KCOL, the following statement is used:

CALL - TRNSF(KCOL, NSET, QSET)
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The attributes associated with the activity in column KCOL are:

ATRIB(1) = the time required to perform the activity
ATRIB(2) = the tine the activity was marked

ATRIB(3) = specified by user in Function CALAT
JTRIB(1) = the end node for the activity

JTRIB(2) = the parameter set number for the activity

JTRIB(3) = the distribution type for the time required to
perform the activity ' .

JTRIB(4) = the counter type
JTRIB(5) = the activity number

JTRIB(6) = the number of resources of type one required
to perform the activity “

JTRIB(7) = the number of resources of type two required
to perform the activity

JTRIB(8) = the number of resources of type three required
to perform the activity

The subprograms KSUCC and TRNSF are provided to facilitaté the programming

of Subroutine SCHDL by the user in which he programs a scheduling rule to

seiect amohg the available acfivities. ' .
For. the current GERTS IIIR program, only three resources per activity

are permitted. The total number of resources available for resource type I

is stored in the array NRESA(I). The number of resources currently in use

15 stored in the array NREST(I). File 1 contains those activities that are

currently in progress. The attribute descriptign for entries in file 1 is

the same as thé one given above except that ATRIB(1) is the time that the

activity will be completed. Information concerning the on-going activities

can be obtaired. by using KSUCC and TRNSF, _Those activities whose predecessors

have all been completed but for which there are not sufficient resources

available are stored in file (NOQ - 1).“ Whenever the user schedules an

activity, files NOQ and NOQ - 1 are updated and if file NOQ is not empty,

subroutine SCHDL is called. This process is contirv2d until file NOQ is

empty or Subroutine SCHDL sets KCOL = 0 indicating no activity should be
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scheduled. Whenever an activity is completed, the fesources that were used
for that activity, are made availaBle and the file NOQ is updated. Again sub-
routine SCHDL would be called to determine if the user desires to schedule an .
activity.

The entries in files NOO and (NOQ - 1) are ranked on an attribute as
specified by the user as part of the input data. The ranking is either low-
value-first (LVF) or high-value-first (HVF). The attribute specified can be

any one of the ATRIB or JTRIB values listed above.

The additional input requirements for GEkTS ITIR are:

1. On Data Card Type 2, the following additional variables have
been added:

a) The number of resource types involved in the project. If
this value is 0, the program will opera*e as if it were
GERTS III and no additional input is required (the largest
value permitted without altering dimensions is 3).

b) The attribute number on which ranking is to be performed
in file NOQ and NOQ - 1. 1If this value is 1, 2 or 3 .
ranking is done on the ATRIB value with the corresponding .
subscript. If the value is between 101 and 108, ranking '
is done on the JTRIB value with a subscript of the input
value minus 100.

c¢) The priority ranking code. "1f the input value is 1, rank- {
ing is on low~value-first, 1If it is 2, ranking is on high-
value-first.

d) The number of resources available for each resource type.

2. The resource requirements for each activity must be defined on
Data Card Type 5.

Appendix A describes the formats for these new inputs to the pfogram. Examples

of the use of GERTS IIIR are given in the next section.

Example 7: Resource Allocation for a Maintenance Problem [10]

The network to be used for illustrating GERTS IIIR is presented in Figure
38. In Table 2 each activity is described in terms of its start node and end

node, average duration, and resource requirements. The FORTRAN programs that
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Figure 38. GERT Network for a Maintenance Problem, Example 7

must be added to the GEkTS IiIR program are shown in Figure 39. The main
program is standard and will be identical for all uses of GERTS IIIR. In
S;broutine SCHDL, the scheduling rule specifies that the first activity in
file NOQ should be given priori£y. The enfries in file NOQ are stored in

order of ATRIB(3) with high values first. These values are established by
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c
c

NIMENSION NSET(1390C),0SET(3000) ’ GRTS
COMIMON Ty TMy MEAy MSTOP o MXy MXCoNCLCT y NHIST yNPRNTy NCRDR9NNMy IMN o NPDyGRTS

INDQeNPPMS g NRUN ¢ NRUNS 'ISEEDQTNCH'”XX s IMMyNY R’SEED' GRTS
2MAXQS, MAXNSy ATRIBU3)JTRIBIB) yNAME(H) yNPROJy MUy NDAY,y JCELS(1GG432)GRTS
CUMMON MFE(999) ¢ MLE(929) s NCI999 ) s PARAM( 3024 4)y SUMALS00, 5) GRTS

COMMUN NSINK(100) ¢NSKSToNSPC o XLCHWILD0) ¢ NRELP(SN9) 4 NREL (999 ) 4NN, GRTS
INSKS ¢ MSKSR ¢ NSORC(20) o NTYPELI9G) o WIDTHI1G0) oy TOTIM¢NCTS KOUNT(100) o GRTS

2P0 959) y NF TRUL939) ¢NABA(999) ¢ NREL2 (399 )y NSNR{1CO)JS INK(1006) GRTS
COMMON NOT NOTLyNDTUSNSKD,NSTND,XSTUS({100) GRTS
COMMON NRESA(3)4NREST(3)y ARESUL3)y TLRC{3) ¢NRESC yKRNK o KPRTY GRTS
GRTS

Cxxx*+#SET CQUIPMENT NUMBRERS FOR CARD READER(NCRDR) AND PRINTER (NPRNT). GRTS
SRTS

NCRDOR=S GRTS
NPRNT=6 . GRTS
IMN=999 . GRTS
CALL GASPINSET,QSET) GRTS
GO Ta 7 ) . GRTS
END GRTS
SUBRJQUTINE SCHDL (KCOLL,NSET,QSET) SCOoL
DIMENSION NSET(1),QSET(1) SCoL
COMAUN [0y IMy MFA L MSTOP yMXgMXC 9 NCLC Ty NHIST 9 NPRNT 9y NCRDR ¢ NNMy IMNoNPDoSCOL
INCQgNPRMS ¢ NRUNg NRUNS ¢ ISEED, TNOW o MXX y IMMo NYR4SEED, SCOL
2MAXQAS g MAXNSoATRIB(3) o JTRIB(B) ¢NAME(S ) 9y NPROJyMONy NDAY,, JCELS (100,32)SCOL
COMMON MFELG99 )y MLE( 999) 4 NO(9S59) y PARAM( 3004 4) 4 SUNA(500,5) SCOL

2)

COMMON NSINK(100) ¢oNSKSToNSRCoXLUW (10U ) ¢ NRELP(SG9)y NREL{ 999 )9NNy SCoL
INSKSy NSKSRyNSURC(23) o NTYPE(999) yWIGTH(10G) , TOTIM, NCTSyXKOUNT(10G), SCOL

2NPDI999 )y NFTAUL999) yNABAL 999 )y NREL 2(999) y NSNR( 1601 9 JSINK(100) sCOL
COMMON NDTyNDTL ¢ NDTUyNSKD s NSTRDoXSTUS (110) SCDL
COMMON NRESA(3),NRESTU3)yARESU(3) 4 TLRC(3) yNRESC y KRNKy KPRTY ScoL
KCULL = MFE(NCQ) ‘ SCOL
RETURN sCOL
END ’ SCoL
FUNCT JON CALAT{NSET,QSET) CLAT
DIMENSION NSET(1),QSET(1) CLAT
COMMON 1Dy IMy MFA,MSTOP 4MXyMXC yNCLCT o NATST yNPRNT o NCROR s NNM o INNoNPDy CLAT
1 NOOy NPRMS o NRUNy NRUNS 9 1S EEDy TNCW, MX Xy IMMy NYR s SEED, CLAT
2MAXQS y MAXNS, ATRIB(3) o JTRIB(R) s NAME (6 ) y NPRCJ  MCNy NCAY » JCELS (100y 32)CLAT
COMMON MFE(999 )y MLE( 999 1, NQL 99G) s PARAM( 3CC, 4) y SUMALS00,45) CLAT

COMMON NSINK{1CU) sNSKST9NSRCoXLOW( 100 )9 NRELP(9G9) 3 NREL {999 ),NN, CLAT
1NSK Sy NSKSRyNSORC(20) yNTYPE(999) yWIDTH(100) s TCTIMyNCTSoKOUNT(100)s CLAT

?NPU(999).NFTBU(99Q).NARA(999)¢NR:L2(999).NSNR(IOG)gJSlNK(IOO) CLAT
COMMON NDT o NDTL NDTUNSKDyNSTNDyXSTUS(120) CLAT
COMMON NRESA(3)'NRkST(3).ARESU(B)'TLRC(B)QNRESC.KRNK,KPRTY CLAT
JuT=9 CLAT
DO 20 J=1 ¢NRESC . CLAT
JAT=JOT+ITRIB(J+5) - CLAT
CALAT=ATRIB(1) * FLOAT(JOT) CLAT
RETURN CLAT
END ' CLAT

Figure 39 FORTRAN Listing of the Main Program, Subroutine SCHDL, and
Function CALAT
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inserting the values of 3 and 2 Qn data card type 2 in fields 9 and 10.
This can be séen in Figure 40. The value assigned to ATRTB(3) is cal-
culated in the Function CALAT. 1In the function, CALAT is defined as the
processing time multiplied by the resource requirements for resource types
1, 2, and 3, that is, the resource-hours required for the first two
resources performing the activity. The GERTS IIIR program automatically
sets ATRIB(3) equal to the value established for CALAT;

The echo check of the network for this.sample is shown in Figures 41
and 42. The firal results for allocating resources in accordance with Sub-

routine SCHDL and Function CALAT are shown in Figure 43.

Activity Start End .
Number Node Node Duration VWorkspace. Mechanics Technicians

1 1 2 3 1 8 0
2 1 3 9 0 0 3
3 1 4 2 1 2 0
4 1 5 1 0 1 0
5 1 6 2 1 2 0
(3 2 7 4 0 10 1
7 3 8 8 0 0 2
8 4 n 1 0 2 0
9 5 6 0 0 0 0 (Dummy)
10 5 10 1 0 ] 0
n 6 10 2 1 ] 0
12 7 8 5 ] 8 0
13 8 9 1 0 1 1
14 8 9 2 1 1 2
15 10 8 1 0 1 1
16 8 3 0 2 0

—
—

Table 2. Resource Requirements for a Network of Activities Descriﬁing
. a Maintenance Problem

: 12




i o NI

RES ALLGC 7 51519721900 16 59 1261 f EX 7_ 10
12 1 1 1 1 ) v 3 3 2 111 4 2 EX T 20
2 1 EX 7 30
3 1 EX 7 40
4 1 EX 7 50
5 1 EX 7 60
6 2 EX 7 70
7 1 * 3 EX 7 80
8 4 EX 7 90
9 2 2 18 5 A EX 7 100
10 2 CEX T 110
11 1 EX T 120
12 1 ) EX 7 130
0 EX 7 140

k) 150 3 EX 7 150

9 100 9 EX 7 160

2 100 2 EX 7 170

1 100 1 EX 7 180

2 100 2 €X 7 190
; 4 100 4 EX 7 200
éé 8 , 100 8 EX 7 210
: 1 100 1 4 £X 7 220
e 100 0 EX 7 230

1 100 1 EX 7 240

2 100 2 EX 7 250

5 100 H EX 7 260

1 100 1 EX 7 270

2 100 .2 EX 7 280

1 100 1 EX 7 290

3 100 3 EX 7 300

T R V- 2 W] T 8 0 EX "7 31T

1 12 3 2 2. 0 0 3 EX 7 320

X 124 3 2 1 2 0 EX 7 330

1 12 5 4 2 01 0 EX 7 340

1 12 6 5 2 1 2 o EX 7 350

1 2 71 6 2 010 1 EX T 360,

1 3 8 1 2 0 0 2 EX 7 370

1 411 8 2 0 2 0 EX 7 380

1 5 6 9 2 0 00 5 EX 7 390

1 510 10 2 01 0. EX 7 400

1 6 10 11 2 1 1 0 EX 7 410

1 7 812 2 1 8 0 EX 7 420

1 8 913 2 0o 1 1 EX 7 430

1 8 914 2 1 1 2 “EX T 440

1 10 815 2 01 1 EX 7 450

1 11 816 2 0 2 0 EX T 469

0 EX 7 470

Figure k0., Input Data for Example T
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. GERT SIMULATION PROJECT 7 BY RES ALLOC
DATE S/ 19/ 1970

*ANETWORK DESCRIPTION**
NODE CHARACTERISYTICS

HIGHEST NODE NUMBER IS 12

NUMARER OF SOURCE NNDES IS 1

NUMRER OF SINK NODES 1S 1

NUMDER CF MODES TN REALIZE THE NETWORK IS 1
STATISTICS COLLECTED ON 1 NIDES

NUMBER OF PARAMETER SETS IS 16

INITIAL RANNDDOM NUMBER 1S 1267 0.0

NODE NUMBER NUMBER OF RELEASES  OUTPUT REMOVAL NESIRED STATISTICS BASED
RELEASES " FOR REPEAT TYPE AT REALIZATION  ON REALIZATIONS

9999
‘9999
9999
9999
9999
9999
" 9999
9999
€999 -
9999
9999

VOOV PAIN

10
11
- 12

Ot-MN)o-;N'—-—o-c-
QUOUOOODUOO

SOURCE NODE NUMBERS
12 -

 SINK NODE NUMBERS.
.9

Figure 41 Echo Check for Exnmple_?l
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.o . ..
AN (e bty e AW S

, : *XACTIVITY PARAMETERSH® |

PARAMETER PARAMETERS
NUMAER ) § ‘ 2 3 4
1 3.0000 Ve , 100,0000, 03000
E 2 9.0000 0.0 100.,0000 009000
3 20000 00 13060000 02000
4 10000 0.0 100, 000 0.1000
. 9 , 20000 2.0 106,0030 042000
.} 44000 0.0 . 100, G200 0.4000
7 8.0092 0.0 108,2000 0.8000
8 1.0020 © 0e0 1000000 0.1000
3o 9 0.0 0.0 1006.0000 0.0
3 10 1.0000 © 00 100. 1000 0 1000
: 11 2.€000 0e0 100,0000 © 0e2000
4 12 5.0000 0.0 100, 0000 05000
,“; . 13 . . 1.6000 0.0 100,0000 0.1000
. 14 20090 0.0 . 100,0009 0.2000
. 15 1.0000 0.0 100.0000 01000 .

16 3,0000 90 ~ 100.0000 0.3000

*SACTIVITY DESCRIPTION®%
END PARAMETER DISTRIBUTION. COUNT ACTIVITY PROBARILITY  FIRST SECOND THIN

NODE NUMBER TYPE TYPE  NUMBER RESOURCE RESOURGE RESOUNCE
7 6 2 0 0 1.0000 0 10 1
) 7 2 .0 0 1.0000 0 0 ?
11 8 2 .0 0 1.0000 0 2 a
6 9 2 ) 0 1.0000 0 0 0
10 10 2 0. 0 1,00006 0 1 0
10 1 2 0 o 1.0000 1 1 9
8 12 2 " 0 1. 0000 1 ] )
9 13 2 0 0 1.0000 0 1 1
9 14 2 0 0 1.0690 1 1 2
(] 15 2 0 0 1.0000 0 | 1
8 16 2 0 0 1.0000 5 2 0
2 1 2 , 0 0 1.0000 1 s 0
3 2 ? 0 0 1.0000 0 0 3
& 3 2 0 0 1.0200 1 2 0
I 2 n 0 1.0000 0 1 0
6 5 2 0 9 * 140000 1 2 )
RESOURCE AVATLABILITY 1 1 4

RANKING FOR FILE NOQ IS BASED ON ATTRIBUTE 3 WITH HVF
Pigure 42 Further Echo Check for Example 7

BT T R L T T
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From Figure 43 it is seen that the average time to complete the network
using the rule described above is approximately 21.76 time units with a stan-
dard deviation of approximately 0.83 time units. The minimum and maximum
values along with the histogram for the time to complete the project are also
shown, For GERTS IIIR, a'new section has been added to the standard GERTS
summary repcrt to give the final results for resource utilization. Resource
utilization is defined as the resource-hours used divided by the project
completion time. For each resource type, the average, standaré deviation,
number of observations, minimum and maximum values observed are displayed. 7
For resource type 1, the work space, the average utilization was approximately
74 percent. For mechanics for which there were 11 available, the average
utilization was only 5.87 and for technicians for which there were 4 available,
the average utilization was 2.41l. Other estimates given on the GERTS IIIR
summary report are for the standard deviation, the minimum, and maximum
values of the resource utilization.

A second scheduling rule was tested which involved scheduling jobs by
the shortest processing time but deviating from this rule if completion i
time of an activity exceeded 19 time unitsf To implement this rule, file
NOQ is ranked on attribute 1, the processing time for the activity, with '
low values first (code = 1). Subroutine SCHDL is then coded to test each
activity in file NOQ beginning with the first activity to see if the current
time plus the processing time for the activity is greater than 19. When .
this occurs, the activity is selected for scheduling:. The coding for this
version of subroutiné SCHDL is given below.

KCOLL = MFE(NOQ)

10 CALL TRNSF (KCOLL.,NSET,QSET)

IF((TNOW + ATRIB(I)) GE.19.0) RETURN

KCOLL - KSUCC(KCOLL,NSET, OSET)

IF(KCOLL.LT.7777) GO TO 10

KCOLL = MFE(NOQ)
END




R R,

GFRT SIFULATION PROJECT 7 BY RFS ALLOC
DATE 5/ 19/ 1970

#*F INAL RESULTS FOR 100 STMULATIONS#*

NODE PPOE, /COUNT MEAN STD.DEV. # OF MIN.' MAX. NODE TYPE
OAS.
9 1.0000 21,5651 0.8196 100. 19,6154 23,2011 A
#2HISTOGRAMS % ¢
LOWER CELL
NOOE LIMIT WIDTH FREQUENCIES
9 18,00 0,50 0 0 0 0 4 4 19 18 22 2l
4 0 0 0 0 0 0 0 0 0
0 0 0 0 0 (] 0 0 [\ 0
FINAL RESULTS FOR RESOURCE UTILIZATION
RESOURCF: AVERAGE STD.DEV. # OF 0BS. MIN, MAX.
1 De 76406 0.0256 100,0000 06769 D.8055
2 5.9544 0.1945 109,0000 54666 6.3852
‘3 2.4573 0.1597 100.0000 2.1194 247923
. Mgure 65 GERTS IIIR Summary Report for Example 7 Using Scheduling
Rule 1
GERT SIMULATION PROJECT 77 BY RES ALLOC
DATE 5/ 19/ 1970
*$FINAL RESULTS FOR 100 STMULATIONS®®
NODE. PROB./ COUNT MEAN STD.OEV. # DF MIN. KAX, NODE TYPE
08S. :
9 1.0000 20,4557 0,%931 10C. 18,4188 2725139 A
' *3H] STOGRAMS#*
LOWER CELL
NOOE LIMIT WIDTH FREQUENCIES
9 18,00 0:50 0 1 3 13 14 20 21 16 7 4
0 0 0 v 0 1] 0 0 2] 0
0 J 0 0 0 o (7 0 V] el
FINAL RESULTS FOR RESOURCE UTILIZAleN
RESOURCE AV ERAGE STO.DEV. # OF 0B8S. MIM. MAX,
1 0.7931 0.0235%5 107,03090 e TUST 00,8220
2 6.2734 142217 100.8G0D 6927 o827
3 2.57017 Ce1725 100.,0C700 2.04)12 2.55.00
Figure 44 GERT IIIR Summary Report for Example 7 Using Scheduling

Rule 2 -1



For this scheduling rule, ATRIB(3) is not used and any Function CALAT
can be used. ' For this reason, a standard Function CALAT is provided with
the GERTS IIIR package that sets ATRIB(3) equal to the resource-hour re-
-quirements for an.activity as was done for the scheduling rule discussed
previously. The final results for this second scheduling rule are presented

in Figure 44.
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SUMMARY

The GERTS III program i: a flexible and efficient tool for analyzing
GERT networks. Dufing the dzvelopment of the GERIS III program, the model~
ing concepts and symbols included within GERT networks were expanded and
amplified. These concepts z=Z symbols are the basis for the information
requirements of the GERIS IIT programs,

In this report, the simu:lation program was describ;d in brief and the
methods for calculating statiIstical quantitieé of interest were presented.
The main emphasis of this rezort has been on illustrating the method for
using GERTS III and its extezsions. Seven example problems were described.

The basic GERTS III péckage was extended to include queue nodes, resourcc
requirements for activities, ana cost information. The need and desirability
of including these concepts zs a fundamental paft of tﬁe GERTS package has
not been determined. With the advent of the additional complexity as repre-
sented by the extensions, the modeiing capability of GERT networks is
increased. This increase in modeling cabability is obtained at a cost in terms
of computer efficiency and in communication difficulty. Further research

is required to evaluate the need for the extensions and their worth as a

systems modeling tool.
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APPENDIX A

INPUT DATA WORKSHEET AND DESCRIPTION

FOR

GERTS III, GERTS IIIQ, GERTS IIIC, and GERTS IIIR.




Type FORMAT

1

6A2,14,212,414,18,r10.4

LILTRITITT)

L1 b

INENRRERRRRRANZR

HITIIE

(For I1IR)

(For ITi%)

1713 A
413,2A1,2F6.2,A1 . Y
’ 2F10.4
4 4F10.4
F8.3,613 |
279.2 %777

(For TIIC)

(For 1IIIR)




DESCRIPTION OF DATA INPUT FOR GERTS III, IIIQ, IIIC, and IIIR.

DATA CARD 1

Field 1 The analyst's name (6A2,1)
Field 2 The project number (I4,1) (If negative, data card 7
is required to indicate the runs to be traced).
Field 3 The month number (12,1) .
Field 4 The day number (I12,1)
Field 5 The year (14,1)
Field 6 ' The number of times the network is to be simulated
' (14,1)
Field 7 o The number of activities with different time

characteristics (14,1)

Field 8 The number of branches in the network'plus an estimate
' of the maximum number of activities which can occur
simultaneously (I4,1)

Fiéld 9 - An integef random number seed (I8,1)

Field 10 A floating point random number seed (F10.4,1)

DATA CARD 2

Field 1 The largest node number of the network including all

possible modifications to the network (I3,1): The
.smallest node number permitted is 2.

Field 2 : Number of source nodes (I13,1).

Field 3 Number of sink nodes (I3,1).
Field 4 - Number of sink nodes that must be realized before the

network is realized (13,1).

Field 5 Number of nodes which statistics are to be collected on,
including all sink nodes (I3,1).

Field 6 Number of types of counts (I13,1).

Field 7 A 1 if network modifications exist; a 0 otherwise (I3,1).




For GERTS IIIR

Field 8

Field 9
Field 10

Field 11
Field 12

Field 13

DATA CARD 3

Field 1

Field 2

Field 3
Field 4

Field 5

Field.6

Number of different resource types (13,1).

The attribute on which ranking is to be done for files
NOQ and (NOQ-1). Add 100 to attribute number if a

JTRIB value is to be ranked on.

The priority system to be used for files NOOQ and (NOO-1).
A 1 indicates low-value first. A 2 indicates high-values.
first. . s
Number of available resources of Type 1 (I3,1).

Number of available resources of Type 2 (13,1).

Number of available resources of Type 3 (13,1). ' N

The node number (descriptor) associated with the node
characteristics given on this card (I3,1).

‘Special characteristic of the node. Codes for special

characteristics are:

1. Source node

2, Sink node

3. Node on which statistics are collected

4. A mark node
If Field 2 is left balnk, no special characteristic
is associated with the node (I3,1).

The number of releases required to realize the node
for the first time (13,1). : .

The number of releases required to realize the node v
after tie first realization (13,1).

Output characteristic of the node. Codes for input
are: P for PROBABILISTIC; and D for DETERMINISTIC
(A1,1). :

If events that have been scheduled to end on this node -
are to be removed (cancelled) when this node is

realized, an "R" should be put in this field. If

removal is not desired, leave blank (Al,l).

Fields 7, 8 and 9 are used only if

The node is a sink node or a statistics node (code 2
or 3 in field 2).
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Field 7 The lower limit of the second cell for the histogram
to be obtained for this node. The first cell of the
histogram will contain the number of times the node
was realized in a time less than the value given in
this field (F6.2,1).

Field 8 The width of each cell of the histogram. Each histogram
contains 32 cells. The last cell will contain the
number of times the node was realized in a time greater
than or equal to the lower limit (specified in Field 7)
+ 30 * (cell width (specified by Field 8)) (F6.2,1).

Field 9 Statistical quantities to be collected (Al,l)

F. The time of first realizations of the node.

A. The time of all realizations of the node.

B. The time between realizations of the node.

I. The time interval required to go between two
nodes. .

D. The time delay from first activity completion
on the node until the node is realized.

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

For GERTS IIIQ

Field 2 ' Code for a Q-node 1is 5.

Field 3 For a Q;node, the initial number in the queue. If great-
er than zero, the service activity is assumed busy and
an end of service activity event is defined automatically.

Field 4 For a Q-node, -1 to indicate maximum number in queue is
' 0, 0 to indicate no limit on number in the queue, other-
wise the maximum number allowed in the queue.

Field 7, 8 Lower limit of cell 2 and width of each cell for
statistics on the average number in the queue. {
Field 10 Priority Ranking Procedure for the Q-nodes (I3,1).

0 - First-in - first-out (FIFO)
1 - Last=-in =~ first out (LIFO) . '

Field 11 "7 ""Node that is transferred to when an activity is completed
that is incident to the Q-node and the maximum number
allowed is in the queue (the node to which an item
balks) (13,1).

For GERTS IIIC

Fields 10, 11 Lower limit and call width for cost histograms (F10.4,2)

DATA CARD 4
The barameters associated with the distribution of the time to perform each

activity. One card is required for each activity with a different time
characterization. The number of cards is specified by Data Card 1, Field 7.
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A maximum of 300 is permitted. The cards must be arranged by ascending
parameter number and the parameters must be numbered consecutively or
blank cards appropriately placed. Nine distribution types are available
which are: .

Constant
Normal
Uniform
Erlang
Lognormal
Poisson ' . "
Beta
- Gamma .
Beta fitted to three
parameters as in PERT.

W OO~ U SN
. -

The fields required are dependent on the distribution type of the activity, b
Appendix B describes these fields.

DATE CARD 5

One data card for each activity associated with the network.

Field 1 . " Probability of realization (F8.3,1).

Field 2 : Start node (I3,1).

Field 3 End node (13,1). ’
Field 4 | Parameter number (13,1).

Field 5 The distribution type (13,1).

Field 6 Count type (13,1).

Field 7 . Activity nuﬁber (13;1).

The last data card of this type must have a zero (or blank) in Field 2.

For GERTS IIIR

Field 8 - Number of resources of type 1 required for the activity :
(13’1)' \

Field 9 Number of resources .of type 2 required for the activity
(13,1).

Field 10 Number of resources of type 3 required for the activity

(13,1).




For GERTS IIIC

Field 8 Start up cost for the activity (F9.2,1).
Field 9 ‘ Variable cost per unit time for the activity (F9.2,1).
DATA CARD 6

Oniy required if number of nodes modified is greater than zero. (Field 7,
Data Card 2).

Field 1 An activity number (I3,1),

Field 2 The number of the node to be replaced if the activity
: given in Field 1 is realized (13,1). :

Field 3 The number of the node to be inserted into the network
in place of the node specified in Field 2 when the
activity in Field 1 is realized (13,1).

Fields 4-21 Fields 2 and 3 are repeated if the activity given in
Field 1 affects multiple nodes. A zero in an even-
numbered field indicates the end of the data on the
card.

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

DATA CARD 7

Only used if the project number is negative. (Field 2, Data Card 1).

-

Field 1 The run number for which tracing of the end of activity
events should begin (13,1). .

Field 2 The run number for which tracing oI the end of activity
events should terminate (13,1).

Multiple networks can be analyzed by stacking the data cards as described
above, one after another. No blank cards should separate the data cards for
each network. A blank card is required to indicate the end of all networks
to be simulated.
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APPENDIX B

DEFINITIONS OF PARAMETERS FOR RANDOM DEVIATE SAMPLING

E




_'fﬂ

?The parameters required on Data Card Type 4 to sample from the nine

distributions available in GERTS II1I are described below.

For distribution type 1 (Constant):

Field 1

The constant time (F10.4,1).

For distribution type 2 (Normal); 5 (Lognormal); 7 (Beta); and 8 (Camm;):

Field 1
Field 2
Field 3

Field 4

The'mean valug (F10.4,1).
The minimum value (F10.4,1).
The maximum value (F10.4,1)

The standard deviation (Fl10.4,1).

For distribution type 3 (Uniform):

Field 1
Field 2
Field 3

Field 4

Not used (F10.4,1).
The mfnimum value (F10.4,1).
The maximum value (F10.4,1).

Not used (F10.4,1).

For distribution type 4 (Erlang):

Field 1

Field 2
Field 3

Field 4

The mean time fur the Eriang variable divided by the
value given to Field 4 (F10.4,1).

The minimum value (F10.4,1).
The maximum value (F10.4,1).

The number of exponential deviates to be included in

the sample obtained from the Erlang distribution (F10.4.1).

If Field 4 is set equal to 1, an exponential deviate will be obtained from

distribution type 4.

For distribution type 6 (Poisson):

Field 1

The mean minus the minimum value

tod,.




Field 2 The minimum value

Field 3 The maximum value

Field &4 | Not used

Care is required when using the Poisson since it is not usually used to

represent an interval of time. The interpretation of the mean should be
the mean number of time units per time period.

For distribution type 9 (Beta fitted to 3 values as in PERT):

Field 1 The most likely value, m (F10.4,1).
‘Field 2 The optimistic value, a (F10.4,1).
Field 3 . The pessimistic value, b (F10.4,1). | dil;?*'
Field 4 Not used. | i

Samples are obtained from the distributions such that if a sample is less
than the minimum value, the sample value is given the minimum value.
Similarly, if the sample is greater than the maximum value, the sample
value is assigned the maximum value. This is not sampling from a truncated
distribution but sampling from a distribution with a given probability of
obtaining the minimum and amaximum values.
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