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CHAPTER T

INTRODUCTION

The development of high speed electronic computers and sophisticated
simulation languages such aé GPSS/360, SIMSCRIPT, GASP II etc. has made
possible the study of complex man-machine systems. Most man-machine
systems are made up of components which interact with each other. The
interaction between the various components of the system and the behavior
of individual components is seldom deterministic and delays are inherent
between decisions and resulting actions at various places in the system.
These complexities have made it almost impossible to obtain solutions
using present day analytical tools.

Simulation allows experimentation with a model of the system. The
model 1s constructed by expressing the characteristics of the system compon-
ents in the form of mathematical expressions and logical statements, with
all components being interconnected by networks of information and material
flow. The actual experimentation is performed with a simulator which when
run on a computer generates performance data typical of the system under study.

The primary goal of most job-shop simulation studies has been to deter-
mine ways to improve the performance of a system from a macroscopic viewpoint,
In the present work an effort to investigate the effect of various priority
rules on job-shop scheduling has been made. The choice of the priority
rules and other experimental conditions are based on the works of Gere (15)
and Conway (9). The effect of the look ahead feature suggested by Gere (15)
has also been studied.

The GASP II (General Activity Simulation Program), a FORTRAN based



simulation language developed by Pritsker and Kiviat (32) has been used
for programming.

Scheduling is the final stage in production planning. The order in
which units (jobs or orders) are to be processed at each of the series
of machine centers is known as sequencing. A typical manufacturing plant
may have a number of machines or facilities. Jobs or orders are continu-
ously coming in to be processed on the various facilities. The purpose
of scheduling is to determine what job a facility should process at any
given time, so as to fully utilize the plant capacity and at the same
time minimize the lateness of orders. The ideal situation would be one
in which all the facilities are kept busy all the time. In order to meet
due-dates, a facility should be available as soon as a job is ready for
processing on that facility. These are two extreﬁely difficult conditions
to fulfill. The complexity of the scheduling problem has attracted a
number of researchers, who have been trying to find ways of meeting these
two conditions.

A solution to the complex scheduling problem could be bésed on a
number of different criterion. One of these could be the total elapsed
time, i.e. a method which minimizes the total time required to complete'
all the jobs and hence minimizes the idle time and maximizes the utilization
of facilities, can be said to be optimal, Others could be, minimize total
cost of the product, minimize set-up cost of machines and minimizing the
in-process inventory.

One of the earliest and most widely used methods for scheduling is
the use of the Gantt chart. The scheduler would chart the projected work

load for each machine or work center, hour by hour, order by order. As



the complexity of the shop increases it becomes increasingly difficult
to keep track of the flow of jobs in the shop. To do this would require
a constant updating of the Gantt chart. Jobs enter the shop according
to some stochastic process and the processing times are not fixed times
but actuaily follow some probability distribution.

Research in the field of scheduling, using the analyticai tools
available has been restricted to solving very small problems. Further,
these studies have been restricted by a number of simplifying assumptions.
A better method would be to test these procedures in the real shop. The
difficulties involved in conducting such an experiment and the prohibitive
cost of such a study have been the limiting factors in the use of this
method.

Faced with these problems, researchers have resorted to simulation
as a means for studying the action of jobs, machines, and scheduling
procedures with a computer program. A number of such studies have been
made in recent times; the earliest among these are due to Jackson, Nelson,
and Rowe at UCLA (19, 34), Baker and Dzielinski at IBM (2); and Conway
at RAND (9).

Most simulation studies have been focused towards investigating the
effect of various priority rules on job-shop scheduling. Some significant
results have been obtained by the application of this technique to
industry (25).

As production becomes fully automated, well formulated decision rules
will be required to control the operation of the plant. Production facili-
ties of the future would rely increasingly on the computer as a means for

carrying out daily decisions in the factory.



CHAPTER II

JOB-SHOP SCHEDULING
1. CLASSIFICATION OF SCHEDULING PROBLEMS

Job-shop scheduling has been regarded as one of the most complex
problems faced by industry. The difficulty arises due to a wide variation
in the requirements of each job or order, such as processing requirements,
routing, number of operations etc. Depending on the routing of operations,
a shop may be classified as either a flow-shop or job-shop. An inter-
mittent system which lies between these two classifications is known as
the production shop.

In a job-shop equipment of the same kind is grouped together. This
is done primarily for two reasons. Firstly, the job-shop produces speci-
alized items, usually made to customer specification and as such the
equipment is not fully utilized. Secondly, the sequence of operations
and processing times are different for different items, and this sequence
is not common for a large fraction of the products. Thus, for both
economic and technological reasons, equipment of the same kind is grouped
together.

The production shop has been classified as an intermittent system

differing from both the job-shop and flow-shop (4). This difference is
brought about by the nature of jobs processed. A production shop is
geared to manufacture lérge volumes of a rather small number of standard
items (jobs), having almost identical routings. The production shop is

faced with the lot-size problem and it becomes essential to determine the



number to produce in a single run.

One of the distinguishing features of job-shops is that a job-
shop produces to customer order according to customer order size, whereas
a production shop maintains a finished goods inventory to meet subsequent
demand. Thus in the case of a job-shop a customer has to walt for his
order while in the case of a production shop, this service is provided
by the manufacturer at the cost of holding finished goods inventory.

A flow-shop on the other hand can be distinguished by the order in
which machine numbers appear in operations of individual jobs. In the
case of a flow-shop all jobs follow essentially the same path from one
machine to another. This is the most striking difference between the
job-shop and flow-shop. It is this routing difference that makes the
job-shop scheduling problem a complex one.

The randomly routed job-shop is one in which there is no common
pattern of movement from one machine to another. Most real shops fall
between the job-shop and flow-shop, but almost all the research in
scheduling has assumed one or the other of these two extreme cases.

Job-shop scheduling problems can be distinguished either as static
or dynamic depending on the nature of job arrival. In a static problem
a certain number of jobs arrive simultaneously in the shop that is idle
and immediately available for work. Since no fu&ther jobs will arrive,
attention could be focused at scheduling and completing this set of jobs.
In the case of the dynamic problem, jobs are continuously arriving at
the shop. Due to this difference in arrival pattern, entirely different

methods have to be adopted for the purpose of scheduling.



Let us now consider the methods that have been used to deal with
the scheduling problem in job-shops. In most cases the foreman handles
the detailed scheduling, making ad hoc decisions whenever necessary.

In some shops, a job may be given top priority because of the importance
of the customer or because the job has been delayed in prior operatioms.
Thus, there is no standard set procedure for scheduling, and the perform-
ance of the shop depends on the experience of the person in charge of
scheduling. A relatively new approach that is being increasingly used

is to establish a priority rule, such that higher priority is assigned

to a job released earlier to the shop, or one with an earlier delivery
date.

One of the earliest methods used in job-shop scheduling is the use
of the Gantt chart (5). This method, though useful, has been found

costly to maintain since it requires constant updating.
2. DEFINITION OF TERMS

As discussed in Chapter I, a number of different criteria can be
employed in the study of scheduling problems., Definitions and descrip-
tions of the attributes of job i that have been used and the interrelations
between them is given below, (12):

For a job-shop process the shop is completely defined by giving
the number of machines and a set of jobs. Let us consider a "m-machine
shop" and identify the individual machines by the integers 1, 2, . . ., m.

The jobs can similarly be identified by integers 1, 2, . . ., n.



Arrival-time - ri

This is defined as the time at which the job is released to the shop
by some external job-generation process. It has also been referred to

as the ready-time or release-time.

Due-date - d.
i

This is defined as the time specified by some external agency by
which the job must leave the shop. It may also be referred to as the
time by which all operations on the job must be completed.

The difference between the due-date and arrival-time is defined as

the total allowance for time in the shop.

Processing-time - P. |
1,1

The job consists of a set of g, operations which could be described

by 8y pairs of values:

M1 Fe
may P
m P,

i,g i,g



The machine required to perform the jth operation is identified as

l1<m ., <m
— 1’3 —

Pi 3 is defined as the processing-time. This is the amount of time
]

1,3’

that machine m, 3 requires to perform the operation.
2

The total processing-time for the job is given by Pi'

Waiting-time - W,

i,j

This is defined as the time a job must wait after the completion of
the (j-1)th operation before beginning the jth operation.
The total waiting-time for a job i.e., the sum of the waiting-times

for all operations of the job is given by Wi.

A scheduling procedure that reduces the waiting times for individual

jobs would also reduce the lateness and shop-time.

Completion time - Ci

This is defined as the time at which processing of the last operation

of the job is completed.



=r, +
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Flow-time - Fi

This is defined as the total time that the job spends in the shop.

It is also known as the shop-time.

Lateness - Li

The lateness of job i is defined as the difference between the

completion-time and due-date.

Lateness is the algebraic difference between the actual completion-
time and the desired completion-time for each job. It does not consider
the sign of the difference. On the other hand tardiness considers only
positive differences, i.e., it only takes into account those jobs which

are completed after their due-date.

Ti = max [o, Li], the tardiness of job i.
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3, PERFORMANCE MEASURES FOR THE SHOP

The four important measures of performance in a job-shop are, (12),
i) Facility utilization

ii) Work-in-process-inventory

iii) Shop time

iv) Lateness

The first two are attributes of the shop while the next two are
attributes of jobs passing through the shop.

All these measures are important and need consideration when
scheduling decisions are taken. For economic reasons a plant might
consider it more important to keep the in-process inventory low. In
most cases, however, the ability to fulfill delivery promises on time

is far more important than any of the other measures.
4., EFFECTS OF SCHEDULING

A scheduling procedure may affect a production facility in many
ways. The overall effect, of course, would be on the costs of inventory,
lateness and utilization. It would also help in providing an increased
control over the operation of the plant.

The cost of holding inventory, though difficult to measure, are
real and a good scheduling procedure gshould consider ways and means of
reducing in-process inventory.

An increase in facility utilization would mean greater output. A
scheduling procedure that reduces the mean flow-time would, in essence,

permit a facility to do more work.
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Finally, since a job-shop manufactures to customer ordering as
opposed to the production shop which holds finished goods inventory,
it is essential that it be able to deliver the goods in time. A manu-
facturing facility that is not able to meet its customer's requirements
in time will pay the penalty by losing future orders.

Thus a good scheduling procedure should be able to reduce cost of
holding inventory, lateness and improve facility utilization. As stated
previously it is difficult to actually measure these costs. Simulating
the system, using different priority rules, is one of the methods that
is increasingly being used to obtain a solution without actual experi-

mentation.
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CHAPTER III

LITERATURE REVIEW

1. INTRODUCTION

The development of several simulation languages has made possible
the investigation of complex job-shop scheduling problems. Researchers
have attempted to cbtain a solution to this problem using a number of
different techniques. Due to the complexity of the problem most
researchers have resorted to simulation as a tool to study the job-
shop system.

Most studies have dealt with models of the following type (15):

i) Optimizing rules for one- or two-machine situatioms.

ii) Mathematical models, such as integer programming models; which
provide an optimum solution to the problem, but are computa-
tionally unfeasible.

iii) Iterative methods, employing a Monte Carlo device or a rule
that reduces the number of schedules which are potentially
optimum.

iv) The use of priority rules together with heuristics in a computer
program to obtain a solution.

v) Testing the effect of various priority rules by simulating the

system,

The mathematical techniques though capable of giving the optimal
solution are restricted due to computer limitations. These studies

are of theoretical interest only, due to the various restrictions that
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have been imposed on the model. Even a small shop with ten machines
and ten jobs would have (10!):LO possible job permutations. Thus one
can very well imagine the problems in trying to set up a scheduling
procedure for even a ten machine problem wiéh the aid of mathematical
techniques.

It is these problems that have led investigators to simulated
experimentation. Simulation, though not capable of providing optimal
solutions allow the experimenter to study the behavior of the system
under different conditiens.

In recent times a number of simulation studies of real shops have
been made. A job-shop simulator set up at General Electric to evaluate
scheduling and dispatching rule has been in use since 1958 (12). Simu-
lation has successfully been used to evaluate the effect of various
management decisions on the operation of the Fabrication Shop at Hughes
Aircraft Company (25). Conway (12) remarks that there is no evidence to
suggest that the use of actual shop data and dimensions significantly
alters the comparative performance of key procedures. The problem in
studying a real system is in representing all characteristics of the
system and in managing the data. With further developments in computer
technology and automation of production control systems, these problems
will disappear, making possible the setting up of a simulator for actual

shops.
2. ASSUMPTIONS

The numerous studies made so far have been restricted by a number
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of simplifying assumptions. A brief summary of some of the major

assumptions imposed is given below (12, 15):

i) Each machine is continuously available for assignment, without
significant division of the time scale into shifts or days, and
without consideration of temporary unavailability for causes such
as breakdown or maintenance.

i1) Jobs are strictly-ordered sequences of operations, without assembly
or partition.

iii) Each operation can be performed by only one machine in the shop.

iv) There is only one machine of each type in the shop.

v) Preemption is not allowed - once an operation is started on a
machine, it must be completed before another operation can begin
on that machine.

vi) The processing-times of successive operations of a particular job
may not be overlapped. A job can be in process on at most omne
operation at a time.

vii) Each machine can handle at most one operation at a time.
viii) No setup time for operatiomns.
x) Instantaneous transfer to next machine (or queue) after an opera-

tion has been completed.
3, JOB-SHOP SCHEDULING RESEARCH

Jackson (20) has solved the problem of sequencing several jobs on a

single machine so as to minimize maximum tardiness or to minimize the
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sum of completion times. The maximum tardiness is minimized by arranging
jobs according to due-dates in increasing order. The sum of completion
times is minimized if jobs are arranged in increasing order of operation
times.

One of the earliest papers in the field of scheduling is Johnson's
solution to the two-machine flow-shop problem (22). The algorithm given
can be used for sequencing n jobs, simultaneously available, so as to
minimize the maximum flow-time. The general acceptance of minimizing
the maximum flow-time as a criterion for the general job-shop problem
is due to Johnson's result (12). Johnson has shown that the rule applies
also to the special three-machine case.

The job-shop scheduling problem can be formulated as an integer
linear programming problem. The first algorithm for solving integer
programming problems is due to Gomory (18). The development of this new
technique simulated a great deal of interest amongst researchers. Bowman
(3), Wagner (39), and Manne (27) are amongst the earliest to formulate
the job-shop scheduling problem using integer programming. According to
Bowman, a simple problem involving three jobs and four machines would
require an integer programming problem containing 300 to 600 variables
and many more constrains. The formulation by Wagner of the problem
would be of the same order of magnitude. Of the three, Manne's formu-
lation is the most compact requiring 31 variables and 94 constrains,
and could be solved on computers in a reasonable length of time. Further
complications arise when additional constrains are added during the

course of its solution. Finally it could be said that none of these
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formulations are computatiocnally practical.

Story and Wagner (37) solved a number of three-machine problems in
which a schedule span is to be minimized, with up to nine jobs on the
IBM 7090 computer by the integer programming method. Based on their
experience with this technique, the authors conclude, "we have not yet
found an integer programming method that can be relied upon to solve
most machine sequencing problems rapidly.'" (29).

Computational difficulties and the restriction on the size of
problem that can be solved using the techniques discussed so far, have
led people to resort to simulation and heuristic procedures to obtain
a solution to the scheduling problem. These methods do not provide an
optimal solution to the problem, but have the advantage of at least
allowing one to find a relatively good schedule.

Heller (19) investigated a ten-machine flow-shop and found that the
schedule times are approximately normally distributed for large numbers
of jobs. This knowledge of the probabilify distribution permits one to
determine the sample size to use. The problem of sample size is a real
one and one must be able to determine this beforehand. One could, of
course, take a large sample size at the expense of high sampling costs.

Another approach to the scheduling problem would be to reduce the
total number of possible optimal schedules through an algorithm and then
take a Monte Carlo sampling of the remaining possibilities. Finally ome
could employ simulation. Giffler, Thompson and Van Ness (17) have devised
an algorithm for complete enumeration of all 'active' schedules. An

active schedule is defined to be a feasible schedule with the following
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properties: (a) a machine is not idle for a length of time in which
an order simultaneously idle could be processed completely, and (b)
whenever an order is assigned to a machine, processing should begin as
soon as both the machine and order are free, Giffler (16) has also
developed a schedule algebra to solve productien scheduling problems.

In the Monte Carlo version of the Giffler-Thompson program, only
a small sample from the population of active possible schedules is
tested. This does not guarantee the finding of an optimal solutionm,
but it does provide a means of testing a fairly large number of active
schedules and finding the shortest amongst them.

Thus, we may conclude that except for the special case considered
by Johnson (22) and the simple problems solved by complete enumeration
and by other techniques like integer programming,rlittle success has
been obtained in solving the scheduling problems. It is for these
reasons that simulation has in recent years found limited practical
application as well as eliciting a great deal of theoretical study.
Baker and Dzielinski (2) set up a shop simulator on the IBM 704 and
tested several rules such as first in - first out, greatest number of
operations remaining, greatest remaining processing-time, and found the
"shortest imminent process—time' rule was best, if average job time in
the shop is used as a measure of effectiveness. Rowe (34) tested
several rules by simulation. He used the first come - first served
rule, minimum (or maximum) imminent processing-time and earliest start
date rules. The concept of "flow allowance" was introduced in another

rule. The flow allowance is in effect an estimate of total time,
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including delays, that a job takes. The minimum imminent processing-
time rule was again found best for minimizing the expected waiting
time, and the flow allowance was shown to be significant in reducing
waiting time.

Most of the recent literature on job-shop scheduling is due to
Conway. Conway, Johnson, and Maxwell (11) set up a shop simulator for
the IBM 650 and Burroughs 220 computers with the shop envisioned as a
network of queues. This is one in a series of experiments that have
been conducted so far. In another work Conway and Maxwell (10) investi-
gated the performance of the "shortest imminent operation" rule. The
model studied consisted of a simple shop with n jobs and one machine.
Again the shortest operation rule was found to give the best performance
while rules independent of processing-time were found to be equivalent.
Essentially the same result is shown to hold for queuing systems with
exponentially distributed arrival times (12). They conjectured that the
above-mentioned results would continue to hold for a job-shop character-
ized as a network of gueues. The results of the simulation runs give
support to this conjecture and also show that for the shortest operation
rule to be effective, an accurate time estimate for job times is not
necessary. Finally, they caution against the prohibitively long flow-
times that may be experienced by an occasional job even though mean
flow times may be reduced by the shortest operation rule. They tried,
with some success, two variations of the rule to handle this: (1) alter-
nate the shortest-operation rule with a low variance rule, (2) truncate

the shortest-operation rule by imposing, a limit on the delay that
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individual jobs will tolerate,.

In a more detailed study at RAND, Conway (9) investigated the effect
of 92 different priority rules on scheduling on a 9 machine job-shop. The
measures of performance considered, include.both measures of inventory-
number of jobs in the system and work-content of these jobs - and measures
of individual job progress - time in the shop, and lateness against an
assigned due-date.

He concludes that if the difficulty and cost of implementation, were
to be considered, then the shortest processing-time rule would be the best
with respect to the minimization of the mean number of jobs in the queue.
This rule also minimizes the mean number of jobs in the shop, the mean time
in the shop, and the mean lateness.

Finally, Conway points out that the performance of a shop with respect
to meeting its due-dates is a function not only of the sequencing rule

employed but also of the method used to assign the due-dates to the jobs.

In particular, for minimizing the number of jobs that are late, the
shortest processing time rule was superior to the slack per operation rule,
when due-dates were assigned according to constant lead time or randomly.
Furthermore, Conway also observed that under heavier loads, the shortest
processing time rule appeared to be better than the slack per operation
rule with respect to the number of jobs late.

Fisher and Thompson (13) studied the minimum make-span problem and
introduced a learning routine in their program. They used two priority
rules within the same schedule - shortest imminent operation and the longest

remaining time. Either of these two rules was used depending upon its
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relative success in its use on previous schedules. The learning routine
did the selection and some improvement in schedules was observed. It
was also found that the two rules in combination, in general, did better
than any given rule applied singly.

Gere (15) studied the effect of priority rules together with heur-
istics or rules of thumb on job-shop scheduling. He tested some slack
based rules alone and in combination with heuristics. He concluded that
the heuristics which anticipate the future progress of a schedule; the
alternate operation and look shead heuristics, improve schedules signi-
ficantly in both a statistical and practical sense. This improvement
is obtained at a considerable increase in computer cost. The heuristic
program was designed for the due-date problem, but the author concludes
that it may be very effective in handling the minimum make-span
problem as well.

Schwarz and Schriber (36) studied the model developed by Gere (15)
using the GPSS/360 simulation package. They, however, did not consider

the effect of any of the heuristics.
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CHAPTER IV

THE MODEL

1. TERMINOLOGY

The terminology used to describe the job-shop is discussed below (9):
The shop can be said to consist of a set of machines, divided into

subsets called machine groups. A machine group consists of identical

machines, each having the same processing capability and performance.

The work performed in the shop consists of a sequence of jobs. The

routing of a job describes the order in which the operations are to be
performed. An operation is identified by specifying the machine group

on which the work is to be performed and by the length of time required

to do the work. Each operation is performed by a single machine. The

time required to do the work may be a random variable whose actual value

is not known in advance of execution. This time consists of a set-up-
time - time required to prepare the machine to do the work - and processing

time - time to do the actual work.

2. ASSUMPTIONS

The assumptions mentioned in Chapter III shall pertain, although, it
is highly doubtful that there are any interesting real systems which are

simple job shops in this strict sense.

3. MEASURES OF PERFORMANCE

As has been previously stated in Chapter II, there are four measures



22

of performance of interest in a job-shop. The utilization of facilities,
and the amount of work-in-process inventory are essentially attributes of
the shop. The total time in the shop, and the lateness with respect to
an assigned due-date are attributes of the jobs passing through the shop.

Little (26) has offered formal proof of the interrelatedness of shop
performance measures, The following relationship holds as a shop is
unsaturated (utilization < 1}:

THZmd e B X s o),

where:
L is the mean lateness,
A is the mean allowable time in the shop,
S is the mean total time in the shop,
N is the mean number of jobs in the shop,
N q is the mean number of jobs in the queue (total of all queues),
U is the mean shop utilizationm,
i is the mean work content (sum of the processing times) of the jobs,

m is the number of machines in the shop.

It is apparent from the relaticnship given above that a scheduling
procedure that minimizes the mean number of jobs in queue for a particular
shop and load would also minimize the mean number of jobs in the shop,
the mean time spent in the shop by the jobs, and the mean lateness.

As has been previously stated, the purpose of this research is to

investigate the effectiveness of various priority rules in reducing job
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lateness. A brief description of the priority rules considered in this

research is given below.
4, PRIORITY RULES

The concept of job or operation "priority" is inherent in many
schedule-generation procedures. A priority is simply a numerical attri-
bute of a job or operation on which selection is based.

Priority rules can have several effects upon the shop. In most
situations it is desirable to have a rule that is designed to minimize
the mean and variance of the lateness distribution, as this has the
effect of giving as short a lead time as possible consistent with relia-
bility in meeting promised deliveries. However, there are many situations
in which this is not satisfactory, such as the cése when early deliveries
are of no advantage and are not offset equally by late deliveries. In
this case "lateness' becomes an important measure.

Three major effects of most priority rules are listed below. These
benefits may be obtained in varying degrees with tradeoffs possible
depending upon the rule chosen.

i) A lowering of work-in-process inventory

ii) A decreased job flow-time through the shop

iii) An increased probability of meeting due-dates.
The choice of the six rules described below was motivated by the

work of Gere (15) and Conway (9).
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Definition of Symbols used in Priority Rules (9, 15)

t time at which selection for machine assignment is to be made
i index over the jobs to be processed by the shop
| index over the sequence of operations for which a job is in queue
J specific value of j; the operation for which a job is in queue
Mi the total no. of operations on the i-th job
1% = Mi
Ti,j the time at which the i-th job became ready for its j-th operation --

i.e. the time at which the (j-1)th operation was completed

D the due-date of job 1

P, ., the processing time for the j-th operation of the i-th job (including
set-up and tear-down time, if any, assumed to be sequence independent)

Zi(t) the priority rating of job i at time t

The reason for calculating priority ratings is to determine what
job is to be scheduled next on the given machine at the given time; the
job with the minimum priority rating is the one selected. Thus the
calculations need be carried out only for those jobs which are walting
to be processed on the machine. The notation does not take machines
into account, since the procedure is independent of the machine being
considered.

Priority Rule 1: First come, first served (FCF5)

1,]

Zi(t) = min[?. ?1



Priority Rule 2: Shortest processing time (SPT)

The job which will tie up the machine for the least amount of time

gets the machine next.

Zi(t) = minfﬁi L]

| T3]

Priority Rule 3: Job slack (SLACK)

Job slack is the number of "free' hours available before the due-

25

date. If the job is necessarily going to be late, the slack is negative.

Priority Rule 4: Job slack per operation (5/0PN)

Job slack per operation is the number of "free'" hours available

before the due-date divided by the number of operations remaining.

Zi(t) = min

Prioritv Rule 5: Job slack ratio (S/RT)

Job slack ratio is the number of 'free" hours available before the

due-date divided by the number of hours remaining until the due-date.
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- i —
i
D, -t~ ¥ P
i j=3 |
Zi(t) = min
Di -t §

Priority Rule 6: Earliest due-date (DDATE)

Zi(t) = min[?%}

The above set of rules provides varied representation both in time
dependent characteristics and in the scope of information required.
Hence, for rules 1, 2 and 6 the priority enjoyed by the job does not
depend on the current time, whereas the other rules make use of the clock
in assigning priorities. Finally rules 1 and 2 provide benchmarks of a
sort against which results produced by the other four rules can be gauged.

The information necessary for processing jobs is contained in a job
file. A job file is a record of the jobs on hand, the sequence in which
the jobs are to visit various machines, and the operation times involved
on the machines.

For example, "job slack” is a function of the job file, it equals
the due-date measured in time units from the present minus the sum of
operation times. On the other hand, the "first. come, first served" rule
is not a function of the job file. A rule which is not a function of
the job file is in effect a random rule (15).

In effect, what is desired is a perfect prediction of delay time,

that is, a knowledge of job completion time, together with a rule which
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will minimize lateness. Conway (9) points out that little good is

done by giving preference to a job that would then move on into a con-—
gested queue. He suggested that the priority assigning mechanism should
look ahead to where the jobs will go on leaving this machine and give
preference to those that will move to relatively empty queues. He
tested several such rules and found them to be relatively better than
the first come, first serve rule, though none of them could surpass the

performance of the shortest processing time rule.

5. LOOK AHEAD RULES

Gere (15) and Conway (9) have investigated the behavior of several
look ahead rules. The rules formulated so far are based in some way on
processing times. They argue that the use of other information could be
used to reduce queue lengths and inventory.

Conway (9) tested three such rules alone and in combination with
other rules. The three rules used were XINQ, XWINQ and NINQ. These
three rules though independent of the processing times depend on status
information, such as, amount of work in queue to which the job will go
for next operation. These rules performed better than the FCFS rule,
but could not surpass the performance of the SPT rule. A simulation
run using XWINQ took almost three times as long as a comparable run
under SPT.

Gere (15) in his study, supplemented the basic priority rule with
the alternate operation and look ahead heuristic and succeeded in

improving the schedules significantly, although this increased the
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computing cost.

The look shead heuristic suggested by Gere is applicable only to
the slack based rules. The theory behind the look ahead heuristic is
as follows:

In using job slack or some adaptation of it as a priority rule,
one is looking ahead to a limited extent. If the job slack is positive
for a job, then that job will be completed on time unless it is delayed
due to some conflict, such as, queuing at the machines. Thus, if one
could look ahead and anticipate every conceivable conflict, an optimal
schedule could be made. This of course would increase the computing
costs considerably and the question of economics comes in.

However, one could look ahead a short ways and, before scheduling
an operation check to see if a critical (i.e. late or nearly late) job
is due to reach this machine at some future hour, yet before the scheduled
operation is completed. If so, schedule that job. Check to see the
effect of this on other jobs and depending on the resulting job lateness -
either let the schedule remain, or replace the operation with the prev-
iously scheduled operation.

The look ahead rule and its variations studied in this work are

described below -

Step-1: Check to see if the slack of the selected job is positive (refer
to subroutine SELECT) and greater than the factor GSLK. This
factor GSLK was assigned values 0, 5, 7.5, 10 for different runs

and its effect on the schedule was observed.
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Step-2: If the condition of Step-1 is fulfilled then,
(i) check to see if any job is due to come to the machine
in question while the selected job is still there, and
(ii) determine if this job is late, i.e. it has a negative
SLACK (refer to subroutine CHECK).
Step-3: If both conditions of Step-2 are fulfilled, then replace
the selected job by the look ahead job (obtained by subroutine
CHECK). If condition (ii) of Step-2 is not met then let the

schedule remain.
6. ASSIGNMENT OF DUE-DATES

For a manufacturing unit, the ability to fulfill delivery promise
is of utmost importance. Hence it is essential tb determine a proper
method for assigning due-dates.

In most practical situations, due-dates are assigned by some
external agency and the production foreman is left with the task of
meeting these due dates. In other situations the producer and consumer
meet and agree upon a final due-date which depends mostly on the customer's
need and competitive forces. In conclusion it could be said that no one
general procedure could be set for assigning due-dates and each manufac-
turing unit must determine the best way for doiﬁg so,

Conway (9) proposed four different methods of assigning due-dates.
0f these, two were intended to represent ways of assigning reasonable
and attainable due-dates, providing a greater allowance for a job with

more processing-time or a large number of operations. The other two
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were representative of common practice. These four methods are summarized

below:
I. Allowance proportional to the total work to be done on the job.
Mi
D, =T * P
i~ 04,1 gj=1 1,3
II. Allowance proportional to the number of operations on the job.
= + 8.
Di Ti,l 8.883 Mi
III. Constant allowance, the same for all jobs.
= <+ .
Di Ti,l 78,7985
IV. Random allowance
Di = Ti,l + 157.597 Ui
where
U a random variable, uniformly distributed between O and 1,

assigned to the i-th job.
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CHAPTER V

TEE EXPERIMENT
The experimental work can be divided into two parts:

Experiment One

This dealt with the investigation of the six priority rules under
the constant due-date assigning procedure suggested by Conway (9).
There are two reasons for selecting this procedure,
i) This method compares favorably with the one practiced in
real life,
ii) Results of the experiment could be compared with those obtained
by Conway (9) under similar experimental conditionms.

The constant allowance due-date can be defined as

Di = Ti,l + 78.8

Conway in his experiment gave an allowance of 78.7985 to every job.

Experiment Two

This experiment was concerned with the testing of the effect of the
1look shead rule on the three slack based rules, which, by the previous
experiment were found to have a much lower lateness variance - a distinct
advantage over the SPT rule.

Each job is given an allowance proportional to the total work to be

done on the job under the due-date assigning procedure used in this
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experiment. One of the prime reasons for choosing the method was to
find ways to reduce the mean lateness under the SPT rule. The mean
lateness under the constant allowance method was found to have a high

negative value (Table 1).

where

DATE - Due-date multiplier.

Different values of this due-date multiplier were tested to deter-
mine the best method of assigning due-dates. Conway (9) experimented
with a multiplier of 9 and found this method to give the best results.
The effect of this multiplier on the SLACK rule was investigated. These
results are given in Chapter VII.

Experiments with the look ahead rule were found to show no improve-
ment in the schedule (with factor GSLK equal to 0). Under this condition
every job with a positive slack was Egecked and replaced by a late job
due to come to the machi£e‘under consideration. It was thought that a
more selective method of replacement would be more effective, i.e.
provide the job under consideration sufficient positive slack so that
it would not be affected by the change in schedule. Thus the factor

GSLK can be defined as

GSLK - The slack allowance given to a job which is under considera-

tion for a possible replacement by a late job.



33

Various values of GSLK ranging from 0-15 were tried. This method
of looking ahead should certainly be more effective in improving the

schedule. The experimental results are discussed in Chapter VII,

1. DESCRIPTION OF THE SYSTEM

The system studied was simply a network of queues, consisting of
a set of identical, single-server queues with exponential arrival times
and exponential service times. The customefs were randomly routed from
one server to another.

The number of machines was set at nine throughout the experiment
with one machine in each machine group. Previous studies by Conway (9)
and Baker and Dzielinski (2) had shown that this would be a sufficient
number to exhibit full shop complexity.

The routing of the operati&ns was strictly random. The number of
operations per job was obtained from a normal distribution with a mean
of 10 and a range from 6 to 15. A job was equally likely to find its
first operation on any of the 'm' machines in the shop. A job was
allowed to return to a machine but not to have two consecutive operations
on the same machine. For reasons of computer storage capacity and
calculation speed, the route was truncated to a reasonable upper limit.
This upper limit is of course difficult to define and would depend on
the core capacity of the computer. Thus, the in-shop inventory and
computer storage capacity required for accounting purposes is reduced
and a maximum number of jobs can be accomodated at any given time.

The jobs were released to the shop one at a time, in the order
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generated. For Experiment One the interarrival times were obtained
from an exponential distribution whose mean was set to yield a nominal
utilization of 90 percent in the shop. For Experiment Two the inter-
arrival time mean was kept constant for all the runs.

Runs differed in that different priority rules were used to select
jobs from queue whenever a machine became available for assignment.
The simulator always selected, from among those in the queue, the job
with minimum priority value. Each run was presented with an identical
set of jobs and the aggregate performance recorded. In each case,
however, recording did not begin until the process had been running

long enough to at least approach steady-state conditions.

2. INPUT DATA
The experiment was designed so that an identical sequence of job
arrivals was available for each run. This was accomplished by means of
subroutine RANJOB (Figure 3 in Chapter VI), which provided the following
information, each time an arrival was scheduled.
i) The arrival time of the job;
i1) The number of operations per job;
iii) The machine group necessary for each operation;
iv) The processing time for each operation;
v) The machine group necessary for subsequent operation;
vi) The sum of processing time remaining, and
vii) The due-date for the job.

Interarrival and Processing Times

The interarrival times were obtained from an exponential distribution
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whose mean was set to yield a nominal utilization of 90 percent in the
shop. A minimum value of 0.5 time units between arrivals and a maximum
of 10.0 time units were specified. This upper truncation did not change
the intended distribution as indicated by the interarrival times for
1200 customer arrivals in Figure 1.

A Chi-sguare test was performed for goodness of fit for the inter-

arrival distribution. The results obtained were:

For 95% confidence level and 18 d.f. the

critical value of Xz

= 28.9
Xzobtained for distribution = 24,058
Since chance alone will give a value of X2 = 28.9,

95 times out of 100 the distribution can be safely assumed to be
expoi:ential,

The processing-time for each machine was identlcal; an exponential
distribution with a mean of one. The minimum and maximum values were
get at 0.5 and 10.0 time units respectively. The frequency distribution

of processing-times for 1400 jobs is shown in Figure 2.
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CHAPTER VI

THE SIMULATION

GASP II - General Activity Simulation Program was used in the analysis
of the job-shop. The version used in this work was developed at Arizona
State University by Pritsker and Kiviat (32).

Variations in the formulation of the packaged program were required
to expand the network capacity capability of the simulator. The simulation
was accomplished using an IBM 360/50 computer.

GASP II - is a collection of subroutines and functions written in
FORTRAN and expressly designed for use in simulation studies of industrial
systems. The principle advantages offered by GASP are its machine-indepen-
dence and its modular characteristics, which make it quite easy to expand
and alter simulation programs to suit the needs of any given system. GASP
has been designed to facilitate 'next event' types of simulations. In
such simulations, simulated time progresses from one event to another until
an end of simulation event occurs, or a preplanned total simulation time

is exceeded.

1. THE SIMULATION MODEL

The specific events of the job-shop simulation were,

a) Arrival of the job at the shop; and

b) End of processing for a job.
The model was designed so that a special event for job departures would be
unnecessary. This was accomplished by means of the variable JOP (JOB) which

stored the number of operations remaining for each job (JOB). When the
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last operation of a job was completed, JOP(JOB) = 0; therefore, statistics
were calculated and the job was allowed to exit the system.

The two entities in the system are machine groups and job/operations.
As a permanent entity, each machine group must be considered separately
and its current status available at any time. Operations are classified
as temporary entities and as such must be associated with enough informa-
tion to maintain their integrity. This was accomplished by defining
various job/operation attributes which follow a particular job/operation
until its processing has been completed and statistics gathered.

Initially eleven files were set up. The first being the event file:
files 2-10 being queues for each of the nine machine groups and file eleven
was set up as a storage for future operations on all jobs in the shop.

Whenever any operation on a particular machine was completed, subrou-
tine FIND was called. This subroutine picked the next operation for the
particular job. Subroutine REMOVE would then remove this operation from
file eleven and, depending on the availabiiity of a machine in the required
machine group, an end of processing event would be scheduled or the job/
operation was placed in the machine group queue for service.

On an average, each job has 10 operations. Of these, the first is
placed in the event file and the rest in file eleven. Subroutine FIND
begins the search by comparing the value of the required attribute,
starting from the first entry in the file and continues down the line until
it hits the required enfry. This procedure is repeated each time a job/
operation is completed and the next job/operation has to be removed from

file eleven.



40

This difficulty was overcome by increasing the number of files from

eleven to nineteen. The first ten performed the operations mentioned

previously. Files 11-19 may be considered as schedule charts for the

nine machine groups which indicated the jobs scheduled for operation on
the particular machine group at some future time. This necessitated an
increase in the number of attributes from ten to eleven. Attribute eleven
indicated the next machine group required, thus providing the information
necessary to find the next job/operation. With this new setup a 75%
reduction in computing time was achieved. A sample of the queue printout
is given in Appendix A.

The eleven attributes specified for each job/operation are,

Attribute (1) - Scheduled time of next event

Attribute (2) - Event code

Event Code = 1 - Arrival of job (subroutine ARIVAL)

2 - End of processing (subroutine ENPROS)

Event Code
Attribute (3) - Arrival time of job/operation

Attribute (4) - Machine group number

Attribute (5) - Processing-time/operation

Attribute (6) - Operafion nunber

Attribute (7) - Job number

Attribute (8) - Due-date

Attribute (9) - Sum of processing-times for remaining operations
Attribute (10) - Number of operations

Attribute (11) - Next machine group requirement
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These attribures were the same for all files. File 1 was ranked on
attribute 1 on the basis of FIFO (first in-first out). Files 11-19 were
ranked on attribute 7 while the ranking attribute of the remaining files
was dependent on the priority rule being investigated. All priority
rules were ranked on attribute 8 on the basis of FIFO, except for the
following,

i) FCFS was ranked on attribute 1.

1i) SPT was ranked on attribute 5.

Logical flow diagrams of the main program and seven subrdutines are
presented in Figures 3 - 9. A listing of these eight programs and subrou-
tines DATAIN and SUMARY from GASP II, which were modified is given in
Appendix B, in addition to a description of the non-GASP variables. Descrip-
tion and listing of the GASP II program can be found in Pritsker et al. (32).

The priority assignment procedure was done by means of subroutine
SELECT, that assigned a numeric value to an attribute named priority, or
priority index, for each operation of each job. For priority rules 3, 4,
and 5, the effect of the look shead rule was investigated. Subroutine
CHECK was called whenever the slack of the selected job/operation was
positive. If some late job was scheduled to arrive at the machine group
in consideration, then the selected job/operation was replaced with the
late job/operationm.

The priority rules were identified by means of the variasble KODE:
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E(_)_]_)E PRIORITY RULE
) FCFS
2 SPT
3 ' SLACK
4 S /0PN
5 S/RT
6 DDATE

The mean shop utilization was calculated using the formula given

in Chapter IV.

<l
Il

2. CONDITIONS FOR THE EXPERIMENTAL RUNS

A simulation run represents the operation of a system from a given
starting point for a period of time. Starting conditions, therefore, are
relevant to results obtained from the model. To a certain extent, the
problem of initial conditions can be viewed as a problem of sample size
in that a long enough run, which is equivalent in simulation studies to
taking a large sample, can usually obliterate the effects of starting
conditions.

After a few preliminary runs it was determined that a run-in of

100 jobs was sufficient to set the initial shop conditions. There is no
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set procedure to determine when a simulation process has reached steady
state. One way is to determine when the absolute difference in mean
interarrival and interdeparture times have decreased sufficiently (14).
Figure 10 for the SPT rule shows that the difference stabilizes with the
arrival of the 150th job. The collection of statistics began after the
steady state had been reached, i.e., with the arrival of the 10lst job
Experiment One and the 20lst job for Experiment Two.

The rapid convergence of the inter-departure curve is due to the
pre-loading. TFor both the experiments, the shop was pre-loaded by having
the first 30 jobs arrive simultaneously at the beginning of each runm.

Two separate methods were used to determine the inter-arrival times - one
method taking into account the pre-load jobs, thelother based on arrivals
after time zero.

As seen from Figure 10, the inter-arrival curve stabilizes much faster
when the pre-load jobs are not considered. The inter-arrival curve with
and without the pre-load jobs stabilizes after the arrival of 250 and 150
jobs respectively. Frequency distribution of interdeparture times 1s shown
in Figure 11.

Every experimental run consisted of the release of 750 jobs for Experi-
ment One and 600 jobs for Experiment Two, with interarrival intervals
obtained from an exponential distribution. The same conditions and proced-
ures were used throughout a run. The only difference between runs was in
the choice of priority rule used.

Experiment One consisted of 6 runs. A run required anywhere from 25
to 50 minutes of computer (IBM 360/50) time, depending primarily on the

selection of priority assignment procedure.
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A 20% reduction in computer time was achieved in Experiment Two by
running the program in Fortran H-Level. Initial difficulties encountered
in switching to H-Level were due to compiler problems.

One of the more important problems in simulation is concerned with
determining what measurements to make and when. This depends to a large
extent on the type of system being studied. A study may concern a phenom-
enon of definite and limited duration, such as the peak-traffic period of
a passenger terminal. In most cases, the study is concerned with a process
which operates more or less continuously and has no natural duration,
for e.g., the study of a job-shop process. In such a case a comparison
of two alternatives should be based upon measurements obtained from
steady-state operation of each alternative (6).

Job statistics - total time in the shop, and lateness; and shop
statistics - number of jobs in queue and other measures of work-in-process
did not begin until the arrival of the 10lst job. These statistics were
collected for sets of 100 jobs. The sets were defined based on the
arrival order of the jobs. When a job was completed and left the shop,
its attributes of time-in-shop and lateness were posted to accumulators
for its particular 100 job set. The jobs always arrived in the same
order, but their order of completion depending on the priority assignment
procedure used, so it was never the same as the arrival order and not
the same for any two runs.

The following list refers to a code number under which the specific

statistic is identified in the Gasp Summary Report of Appendix A.
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Generated Data

1 Lateness for all jobs completed
2-15 Lateness for individual sets of 100 .jobs completed
16 Total time in shop for all jobs completed

17-30 Total time in shop for individual sets of 100 jobs completed

Time Generated Data

1-10  Status of queues 1-10 with respect to time
11 Mean work content (sum of processing-times) of the jobs.

Frequency distributions were recorded, using the subroutine HISTOGRAM.

Generated Frequency Distributions

1. Interarrival times
2., Processing-times
3. Lateness

4, Shop flow times

5. Interdeparture times

The following queue statistics are an automatic output of the
simulation package.
i) Average number of entries in the queue with respect to time
ii) Maximum number of entries in the queue; and
iii) Status of the queue at the end of the simulation.
Samples of the various statistics, histograms and queue printouts are

given in Appendix A.
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CHAPTER VII

RESULTS

The results for both Experiment One and Experiment Two will be
discussed in this Chapter. One of the prime purposes of this research
is to study the effectiveness of GASP II in dealing with large, complex
systems and, as such, the job-shop model, priority rules, and other
experimental conditions used were based on the works of Gere (15) and
Conway (9). This was done to facilitate a comparison of the results of

the simulation.

1. EXPERIMENT ONE

The two important measures of performance used were the minimiza-
tion of work-in-process inventory a;d job latenesé.

A discussion of the performance of the various priority rules is
given below:

1. Minimization of Work-In-Process Inventory.

As stated previously in Chapter II, there are various ways of
measuring work-in-process inventory. In this work, only one of these
measures i.e., the number of jobs was considered. It i1s apparent from
the relationship given in Chapter IV that a scheduling procedure that
minimizes the mean number of jobs in queue would also minimize the mean
number of jobs in the shop, the mean time spent in the shop by the jobs,
and the mean lateness (9).

The experimental results are given in Table 1. The superilority of

the shortest processing-time rule as demonstrated in previous works

(2, 9, 10, 11) is obvious from the results. The mean number of jobs in
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the shop under the SPT rule was 25.51. This was almost one-third of
that under the FCFS rule, which had a mean number of jcbs in queue of
72,37, The mean shop-time and mean lateness for the SPT rule too were
reduced by the same ratio as seen from Table 1. Of the slack rules only
S/RT rule was successful in reducing the mean shop-time and mean lateness
although the mean number of jobs in queue was still very high - 52.47
as compared to 25,51 for the SPT rule.

The performance of the SPT rule could further be improved if some
way could be devised by which jobs with longer processing-times could be
given preference. The other alternative is to devise some means for
reducing the queue lengths with the slack based rules and thus take advan-
tage of their ability to reduce both mean shop-time and lateness. An
effort to do this was made using the look ahead rﬁle. These results are
discussed under Experiment Two.

All the rules tested surpassed the performance of the FCFS rule. The
SPT rule required the minimum amount of computer time. Further tests were
made with the SPT rule in order to observe its performance at different
levels of utilization. Results of these runs are given in Table 3.

Finally, the results, in general, seem to be in agreement with those

obtained by Conway (9). A summary of Conway's results is given in Table 4.

2. Job Lateness

The two measures of principle interest were the total time the job
spent in the shop and the lateness. Lateness is defined as the difference
between the actual and allowable shop-time and can take on negative values,

indicating that the job was completed in less than the allowed time.
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Four due-date based rules were used. The due-dates were assigned
the job at the time of their arrival in the shop. The constant method
of assigning due-date was used.

The shop-time and lateness results for the six rules tested are
given in Table 1. The shortest processing-time (SPT) rule, which
reduced the mean number of jobs in the shop also reduces the mean shop-
time. A reduction of almost two-thirds in mean shop-time over the FCFS
rule was achieved using the SPT rule. The Std, dev. of shop-time and
lateness was found to be less than that for FCFS rule and was only
surpassed by the slack based and DDATE rules.

One of the important considerations of any shop 1s to get the job
out at the earliest or by its due-date. To achieve this, it is necessary
to find means for setting reasonable due-dates. A job is usually delayed
in between operations. The only means of estimating the time spent by
the job waiting ir queues is the number of operationms. Conway studied
four rules which used the information of either the number of operations

remaining or the amount of work remaining. These were:

FOPNR - Fewest operations remaining
MOPNR -~ Most operations remaining
LWKR - Least work remaining

MWKR - Most work remaining

FOPNR and LWKR did perform better than the FCFS rule, but, at the
cost of a very high lateness and shop time variance.

The SPT rule, on the other hand, uses the information of the number
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of operations and their processing-times, and, as such has a high pre-
dictive value. This is obvious from the results of Table 1.

Rules using due-date information were not able to perform as well
as the SPT rule with the exception of the slack ratio (S/RT) rule, under
which the lateness is only 12.6%Z. The S/RT rule performed far better
than the FCFS rule and reduced the latenmess by almost 80%Z. It also has
a higher predictive value as seen from the low standard deviation in
shop time and lateness.

The type of due-date assigning procedure used has a considerable
impact on the performance of these rules, as is seen from results of
Experiment Two. Thus the performance of these rules with more realistic
due-date assigning procedures shculd be investigated. The number of
jobs late under the six rules tested are given in Table 2, and the
frequency distributions cof lateness are shown in Figures 12-17. SPT
rule, which does not consider the due-date in its operation, gives the
best performance. |

In spite of the poor performance of rules using due-date information,
it should be noted that the lateness variance was still lower than either
under FCFS or SPT rules. This is an important characteristic, and further
investigation should be carried out to find ways of reducing mean lateness.

The SPT rule, using only the information of processing-time, was
found to make only 10% of the jobs late. One drawback of this rule,
however, is that jobs with high processing-times are found to suffer. A
great majority of jobs were completed well in advance of the due-date

while a small number of jobs had a very high lateness (Figure 13). It
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TABLE 3

Experiment One

71

SPT Performance at Different Levels of Utilization with Constant Due-date

Utilization
Job Numbers 0.72 0.79 0.89
Number of jobs late

101-200 3 9 14
201-300 1 4 6
301-400 7 10 11
401-500 4 8 2
501-600 1 4 10
601-700 14 13 21
701-800 16 20 20
801-900 14 27 30
901-1000 16 20 21

Total NJL 76 ilS 132

Percentage 8.6 12.9 14.7
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could thus be concluded that if an exact method of assigning due-dates

were known, the mean lateness and the variance would be zero, and no

jobs would be late. This, of course, is not poésible due to the presence

of other jobs in the shop during the time that the given job is present.
Finally, the performance of the slack ratio (S/RT) rule was quite

encouraging. If some method for reducing the queue length, aﬁd hence

the shop time, could be devised, this rule would surpass the performance

of the SPT rule.
2. EXPERIMENT TWC

In this experiment the input was kept constant i.e. the interarrival
mean was set at 1.14, giving a shop utilization of 86,7% with the SPT
rule. Also the minimum values for interarrival and processing time
distributions were reduced to 0.05,

The type of due-date used has a marked effect on the mean latemess.
Thus an initial investigation was made to determine the best due-date
multiplier (discussed in Chepter V). Frequency distribution of lateness
for the SPT rule are shown in Figure 18. The effect of this multiplier
on both the SPT and SLACK rules was studied (Table 5). Figure 19 shows
the variation in mean lateness for SPT rule with different due-date
multipliers. From this figure, a factor of 3 would seem to be the best,
However, if one were tc consider the percentage of jobs late, any multiplier
between 5 and 7 would seem adequate. Figure 20 shows that only 11% jobs
were late with a factor of 5, and this seems quite reasonable. The look

ahead rule was found to have no effect with very tight due-dates and hence
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multipliers 5 and 7 were used for the rest of the experiment.

Effect of the Look Ahead Rule

Results of the experiment for the three slack rules are given in
Tables 6-8., As seen from the tables no significant improvement in the
schedule was achieved. The only significant improvement werth the
effort was attained with the SLACK and SLACK RATIC rules with a due-date
of 7. On the other hand the performance cf the SLACK PER OPERATICN rule
was worse.

The effect of the look ahead rule varied depending on the rule and
due-date multiplier used, and no particular trend was observed, thus
making it difficult to generalize this rule, The look ahead rule, however,
did reduce the mean lateness in the cases where the schedule was improved.
Figures 21-29 show the frequency distributien for various rules and the

effect of look ahead on lateness.,

Effect of the facter GSLK

It is quite evident from Tables 7-12 that the mean lateness and
the number of jobs late increases with a factor of 0 as compared to results
obtained withcut the look shead rule. With GSLK set at 0 every job with
positive slack is replaced in case a critical or late job is likely to
come to the machine under consideration.

A more reasonsble method of locking shead would be to replace only
those jobs which have a slack that is positive and greater than zero.
This way, the replaced job wculd have sufficient slack time to be finished

on time.
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The performance of the look ahead under different rules and for
varying values of GSLK is shown in Figures 23, 26, 29. The improvement
in most cases was obtained with CGSLK values of 7.5 and 10.0. No signi-
ficant changes in the other measures of performance i.e., mean jobs in
queue and shop utilization were observed.

The look shead rule did not perform as well as expected but it did
point out scme new directions in which future work could be directed.
The most cbvious of these was the value of GSLK to be used while consid-

ering the question of job replacement.



79

AVIHV MO00T 3INOUITMyx

S18°0 9% 9 6 A % €'6 88'G8 LE'9T- ¥'TE ZTSTEVOT 9S°6% R’
T28°0 059 T T6°2¢ g'g 89'TL €8°LI- Hrﬂm 60°TL6  TT°8% 0701
?18°0 059 8 L9°EE %°g €T°TL 08°GT- T°T¢ %wL'EE0T 80°0S S L
T28°0 0s9 [4 S0°¢ce '8 7899 T6°9T- 61 TL"0C0T 80 6% 0°¢s
0280 8%9 € 67t 9'8 LE'®L OT"LTI- L'TE 60°S00T 68°8% 0°0
[ — a8TTdI3Tnu @jep-ang
%18°0 059 L8T 06°T¢E 9°8 99'¢L ISTE  T'ST 90°%E9 T0°1S ¥
%1870 059 (403 7S e v'8 TI€°0L T¥'Y 0°ST LL7929 L9°TS A
91870 1S9 6.¢ 08°¢c 8°L HE'T9 0T'€ ¥°ST 6E°GY9  9970¢ 00T
808°0 099 L6T 06° %€ 88 L¥'9L T6&'® ¥'GT TO'HY9 O%¥°ZS g°L
608°0 (A% 0ze 00°9¢ 6°L QL'€E9 €L"9 0°ST TT'ST9  SI'WS 0°¢
86L°0 099 84t 09°9¢ T°6 SL°T8 9%°IT GS°ST %T°TS9 %8'8% 070
UOTIBZTTIAN douys ut 0 ur *A9(Q *A3( A1SO
daug sqor TB30L TCN sqof ueay 'pag ‘XA ueay  "Pas “JEN ueaj 1030871
ssaualeq sui] dous

¢ - a9rpdra[nu aj3ep-ang

Q0% = 9zFs ordueg

9N YOVIS U0 AVAHV 00T FO I22F3H

oM], JUSWTI

9 ATIVL

adxyg



80

Without look ahead
3001
NJL = 287
Date -5
K- 200+ ]
S ;
a |
2 .
]
S i
o 100+ ]
= i
)
|
|
0 o
-50 ) 50
l.oteness
3004
With look ahead
GSLK =10
.g 200- ; NJL =279
e ' Date — 5
a :
o
.S, :
S :
2 100 E
:
1
]
I
0 e | .
-50 0 50
Lateness

Fig.2l. Lateness frequency distribution for
SLACK rule.



Without look ahead

3007 : NJL = 9
\ Date— 7
1
4
|
|
200- !
[
5 :
1] ]
§ |
°  100.- |
=) I
z ]
]
[}
]
|
1
0 — P L
-50 0 50
300 - \ With look ahead
‘ GSLK =10
+ NJL = |
: Date — 7
]
®  200- l
o |
@ I
L=) |
= |
.= '
o ]
6 100- :
Z ]
H
]
E
0 —1"__ ———= .
-50 0 50

Fig.22. Lateness frequency distribution for

SLACK rule.

81



No. of jobs late

No. of jobs late

82

400 Date—-5
300\/
200 1
0] 5 I0 15
GSLK
[o]3 Date-7
5k
0 . )
0 5 10 IS

GSLK

Fig.23. Effect of factor GSLK on SLACK rule.



83

AVAHYV 00T INOYI TMaex

998°0 299 0 g LE 0°9 TG°9t TL76 — T'TIE GTTEL6  ST°9S ¥
2L8°0 gq9 I 96" 6€E €°9 L9°6E 9T°0T- G°TIE G5'866 T18°GS 00t
998°0 089 T £€9°9¢ 879 96'0%  L§°0T- L°TE€ <TE°000T TI¥°SS 0°'s
998°0 059 T %L°6¢ 8°9 LST0%  LSTOT- L°TE €T°000T TI¥%°GS 0°0
[ — ISTTdI3Tnu 23ep-3ng
qzZg’o 099 6LT 08° %t c'9 GG'E€Y 86°t  6°ET €ST0LS  WETIS *3%
018°0 TS99 [4°1% 86°LE 7°8 T6°TL L€°6 8°GC ST°0L9 %¥B8'9S R A
€180 959 09t T2 8¢ 9°8 CE"®L €9°6 §°GT [LLTLS9 S679S 0" 01
918°0 €59 Tog g8°8¢ 6°L 8729 65°8 6'%T GS6°1T9 £6°GS G L
£T8°0 659 79¢ 98" 8¢t 0°6 %G°T8  99°0T G°'9Z GL°S69  86°LS (VA
0180 099 79¢ ?9°0% L°TT T8°LET LL'ET T°8T 129°%6L 00°I9 0'0
uoTIBZFLTIN doysg urt 0 Ut *A9(Q T AISH
doyg sqor Telol TCN sqol ueay "pasg raep ueap "P3as *IBp ueay ao32eg
. sgau9je’] amT], doys

9TnI NOILVYAdO ¥Ed MOVIS U0 (QVEHV J00T 3O 399334

¢ - I3TTdraTnu °3lep-°ong
Q0% = ®2Ts °rdueg

oMy, juswriadxy

L FTIVL



No. of jobs late

No. of jobs late

Without look ahead
300 NJL = 279
Date —5
200t ‘
\
]
I
i
100} i
]
I
1
I
:
o) : ; —
—50 0] S50
Lateness
300}- With look chead
GSLK =10
NJL =360
Date — 5
200¢F !
i
!
;
100} '
]
I
]
!
1
)
0 ) y i —
-50 0 50
|.ateness

Fig.24. Lateness frequency distribution for
SLACK/OPERATION rule.



No. of jobs late

No. of jobs late

Without look ahead
400
! NJL =0
H Date—- 7
:
:
300} !
1
t
|
]
]
200t !
\
]
:
]
fole] !
i
|
i
0 , : .
-50 (0] 50
Lote_ness
400} '
: With look ahead
: GSLK=5
| NJL= |
300} : Date— 7
:
|
'
200} ;
:
!
:
100t :
!
:
0 i 3 LA )
-50 o] 50
Lateness
Fig.25. Lateness frequency distribution for

SLACK/OPERATION rule.

85



86

400 Date 5
o 300r
o
&
2,
L
o
g 200
| |
0o S 10 15

Fig.26. Effect of factor GSLK on
SLACK /OPERATION rule.



87

QVEIHY J00T 3INOYITMxy

8L8°0 199 6¢ 97°8% L°0E TO'T®W6 89°C- T°8E 0% SYYT 96°E9 ¥
848°Q 099 . LE 08 %% 0°6Z 9L°GT9 86'%— €°%E¢ E€L'BTCT 94719 0°0T
L68°0 099 1€ 16 7% T°€Z TS°LES LI°9- 8°C¢ GE'GLOT 25709 gL
20670 099 9t 92 %Y T°8T LE°6C¢ €¢°L- 0°0c 617206 ST°6S 0°s
90670 099 LE Ak 7°8T ZETEE 61°L- G§°6C 0C€°E€68  LT76S 0°0

[ = I9TTdraTnu 23ep-ang
8160 QL9 9Ll 00" LYy T°GE E€YTLETT LSTET %°LE STTTIOPT S8°T9 R
c06°0 GL9 T1¢ ST 08 96 TS'€9ST ITW'8T 6°C% 90°TIW8T 76799 00T
?16°0 E99 LLT 9%° 6% 6°0% 99°CTL9T ZO*LT 9'%% €6°CT°6T 97°99 6L
000°T 869 L6l ¢S94 €°€% TTILLB8T LE°6T 9°S%7 %L'%760T 98°L9 0°s
®Z670 GLe 11¢ %8°0S 7°Ch 66°990C 8S°8T 9°8% W¥T69TT €S5799 0°0

UoTIBZTTTIN doyg ut O ut *A3Q “a3Q A1SO
doyg sqor Telo] 1CN sqop ueal *Pas cIBA ueap *P3s aBp UBI ao030Bg
EEENERERY auty doysg
¢ - zarTdryTnu 33BE-INQ
Q0% = ozTs ardueg

3TNX QIIVY MOVIS U0 aQviIHV A00T 30 I9IFH

am], juswriaadxy

g HTdVL



88

300F Without look ahead
NJL =176
' Date -5
1
§ 200f E
A \
2 1
5 :
o. ]
= 10 :
[}
[]
]
|
t
t L_I__\___
oL ; : . ey .
-50 0 50 100 150 200
Lateness
300
With look ahead
GSLK =7-5
& ' NJL =177
:-q 2 00t | Date — 5
2 ;
S, t
- :
Q 1
o '
Z 100} !
i
]
]
1
:
0 , i i T - .
-50 0 50 100 150 200
Lateness

Fig27. Lateness frequency distribution for SLACK RATIO rule.



89

1
R t Without look chead
9 u: NJL = 39
' Date-7
© :
o ]
.3- 200t :
_9_‘ 1
e 1
[« ] |
y |
=2 1
| 00F :
|
|
|
[}
0 T i —-1——:——___._r—-_———‘—"—‘—=r-'~"_——.
=50 0] 50 : 100 150 200
Lateness
!
300f : With look ahead
2 ! GSLK =75
™ } NJL = 3I
.é. : Date—7
“ 200 | ‘
. 1
S I
I
]
]
I
IOO" {
'
]
({
L]
1
0 — ; — T = = =
-50 0 S0 100 150 200

Lateness

Fig.28. Lateness frequency distribution for SLACK RATIO rule.



300
Date-5

n
o
Z

)
=
a
2,
S
S 100}
1 1
(o] S5 10 15
GSLK
100+ _
Date-7
[+
S
;]
2 5ot
Yoo
o
2
{ 1
0 5 10 15
GSLK

Fig.29. Effect of GSLK on SLACK RATIO
rule.



91

CHAPTER VIII

CONCLUSICN

Simulation technicues have been employéd to study nearly all phases
of the manufacturing process including forecasting, long-range planning,
order release, and the flow of jobs on the preoduction floor.

Simulation has been found to be a reasonably effective method of
testing and comparing scheduling procedures., In this study, the shortest
processing-time (SPT) rule was found to give the best performance. With
this rule, the mean number of jobs in the shop, the mean shop time and
the mean lateness were reduced.

From this study it was concluded that a reascnable due-date multi-
plier (DATE) tc be used in assigning due-dates lies between 5 and 7.
With the multiplier lying in this range, jobs late with the SPT rule
could be kept below 10%.

The performance of the slack based rules has been shown to depend
on the type of due-date assigning procedure used, and this has been
substantiated here. With these rules, the lateness variance reduced
considersbly. To improve their performance in terms of the number of
jobs late, the lock ahead rule was implemented. Several variations of
this rule were tested by changing the value of the slack factor GSLK.

No significant improvement in the schedule was observed. The slight
irprovement observed was for values of GSLK above 5. This indicates
that it is not worthwhile to replace every job with positive slack by a

late job.
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In this work, any job having a slack greater than the factor GSLK
was replaced by a late job, No consideration was given to the number
of operations remaining. One modification could be to consider the
remaining processing-time or number of operations remaining on the job.
The value of GSLK could then be some multiple of either of the above
mentioned factors. This way the possibility of replacing the wrong job
could be eliminated.

The other aspect of this study was to test the effectiveness of
GASP II in dealing with large problems. Although simple to use, it was
found to be slow in execution, a run of 650 jobs requiring anywhere from
25 to 55 minutes of computer (IBM 360/50) time, depending primarily on
the selection of priority assignment procedure, A run of 10,000 jobs,
using SIMSCRIPT was found to require 15 to 35 minutes on IBM 7090 computer (9).

If any consideration at all is given to the difficulty and cost of
implementation, however, then SPT rule is certainly the best procedure of
those tested in this study. This rule can be employed directly with very
little difficulty in implementation, and with tremendous improvement in

system performance,
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CODE

~N N BN -

o]

10
11
12
13
14
15
16
17
18
19
20
21
22

23

25
26
27
28
29

30

*%GASP SUMMARY REPORT**

MEAN

-17.12
“17.47
-16432
-17.34
-17.59
-15003

30489
30.41
31.55
34429
28626
17.55

%% GENERATED DATA **

NO

NO

NO

NO

NO

NO

NO

NG

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

VAR,

309.46
29T.91
2504 34
419.29
294471
130,78
VALUES
VALUES
VALUES
VALUES
VALUES
VALUES
VALUVES
VALUES
VALUES
461630
330,03
352.95
810.42
357.63
68e45
VALUES
VALUES
VALUES
VALUES
VALUES
VALUES
VALUES
VALUES

VALUES

MINe

-93057
-93,57
-59583
“60.68
"70-13
*43.03
RECORDED
RECORDED
RECORDED
RECORDED
RECORDED
RECORDED
RECORDED
RECORDED
RECORDED
4o Th
4,74
6e32
Be22
5667
8. 95
RECORDED
RECOROED
RECORDED
RECORDED
RECORDED
RECCRCED
RECORDED
RECORDED

RECORDED

MAX.

55484
456,11
38464
55484
38494
-3086

L7957
Bl.75
119.35
179.57
10575
34415

UBSe.

400
100
100
100

91

400
100
100
100

91

298

NJLa

44,00
9,00
11.C0
14,00
10.00
0.0

COo0O0O000
e ¢ ® & & @
OO0 00



*EGCASP SUMMARY REPORT**

%% TIME GENERATED DATA *%

CODE MEAN VAR, MI Ne MAX. TOTAL TIME
1 Te28 0.58 0.0 800 737.280
2 260 . 3485 0,0 10,00 739.320
3 1. 77 4469 0.0 10.00 738.480
4 1.80 3.40 C.0 9,00 7384800
5 1405 2430 0.0 7000 739,110
& 0.99 2¢35 0.0 8.00 738.210
7 0.95 1.68 0.0 6400 7364380
8 l.56 2e45 0.0 800 7384760
9 2,92 9.28 0.0 15.00 737630

10 l.63 3,05 0.0 8400 7384850
11 10.69 23.53 2.21 3l.19 7374520



CODE

T w0 oo

AVERAGE N0

MaxIMyUM

73962
739465
73577
T29.,81
T4Ce43
T40.66
T4le17
T42.07

0 244 128
024611451
c 0 0
1 135 147
0 188 127

#%% QUEUE

L N ) 10

2.00
200
2.00
7000
2.C0C
200
l.00
2400

EGASP SUMMARY REPDRT*x

*% GENERATED FREQUENCY DISTRIBUTIONS #3%*

HISTOGRAMS

101 50 31 26 16 12 5 3 4
931 560 333 199 118 67 44 28 20

0 0 0 1 2 26 140 187 32
64 25 14 8 1 3 0 0 1
96 68 39 27 25 15 5 2 4

PRINTOUT sasves QUEUE NOewe 1 *¥%

CF ITEMS IN QUEUE WAS sees 7970
%% QUEUE CONTENTS ¥k

126432 3.00 0.78 5.00
673430 5600 R | 15.00
735.66 7200 O 67 3,00
726463 1.00 1.56 6,00
725439 4400 3.16 6400
T22.85 200 l.87 9,00
T41e17 6400 1.93 1.00
133.25 8«00 276 2.00

== O =

O P~
— O OMNW

621.00
579.00
631.00
622.00
620.00
618.00
635.00
626400

= O 0O W

SO o+ O

784412
750.02
T64.65
802.06
TT4.63
790,76
805417
793.17

cCoQo0O

aNeoNel Nel
[eNeoNeNele

Beb5
1.31
Je81
11.18
5.18
466
12.80
11.72

cCCcCoCco

OO Q000

13.00
15.00
6a.00
15.00
8,00
13.00
9. 00
14. OO

2.,00
Vel

3.00
4400
8+00
4,00
2.00
4400

100



%% QUEUT PRINTOUT sesse QUEUZ NOsew 3 k% 101

AVERAGE NOe OF ITEMS IN QUEUE WAS asee 2476
MAXIMUM *e 89 11
%% QUEUE CONTENTS *¥*%
735404 1.00 720.26  2.00 346 10.00 616,00 169.78 3446 1G.00 Ue O

fed% QUEUE PRINTOUT seeee QUEUE NOewe 4 *¥%

AVERAGE NO. OF ITEMS IN QUEUE WAS ssss 2e469
MAXIMUM sese 10

#¥% QUEUE COMNTENTS *%%

736470 1,00 73527 3,00 2«10 2.00 629,00 T68.04 5465 6. 00 9,00
732.13 1,00 T06aT6 3.00 2219 14,00 608,00 TTTe33 e 27 15,00 5200
721402 1.00 713.68 3.00 2234 4,400 614,00 73557 2.671 6.0C Ba00
728410 1.00 706,71 3.00 3.01 14.00 607.00 76735 4422 15,090 2,00
T344R7 1.00 734,81 3.00 3.57 2400 628,00 81l3.15 15.59 15400 ZeC0
Tllal2 1.00 702465 3.00 4o bl 3,00 602,00 759.61 B.72 10.00 7T.CC
65Se 46 1.00 658,40 3.00 5.23 2«00 564400 T20.86 11.54 84 0L0 6. 00U

%%% QUEUE PRINTOUT eeess QUEUE NOses 5 *¥x%

AVERAGE N0« OF TTEMS IN QUEUE WAS s.es 1594



635.10
658441
685435
69¢Ca 14
T102.66
709+55
1724470
735433
736461
T3€.61

*#x% QUEUE PRINTOUT

AVERAGE NO.

MAXIMUM as 8

6596. 14
T05.13
705.13
7C5455
T13.69
722452
72287
72540
726265
733,26
734482
736,08
736608
73¢€.08
T3ée61 °
T37.52
T41le 17

1.00
1.00
1.C0
1. 00
1.C0O
1.00
1.00
1.00
1,00
1.00

OF

e 36

1.0C
1.00
1.00
1.00
1,00
1.00
1.00
1,00
1.00
1.0G6
1.20
1.00
1,00
1.C0
1.00
1,00

w%& QULUE CONTENTS #*%*

639.10
658441
685435
696414
T02.66
709455
724270
735.33
736261
T36.61

ITEMS IN QUEUE WAS

T-00
T.00
7,00
7.00
700
T.00
T.00
T.00
7.00
T.00

LR O

-

072
Oas14
0.92
0.68
ls 84
0.93
3.68
0.28
2«10
0.13

QUEUE NOse.

184655

¥k QUEUE CONTENTS ***%

696.14
705413
T05.13
709.55
T22.52
122467
T25.40
T26465
733.26
734,82
T36.08
736.08
736,08
T36.61
13752
T41a17

|

8400
8.00
8.00
8,00
8.00

Ba00

800
8. 00
8.00
8.00
8.00
8.00
8.00
8.00
8,00
8.00
B.00

O &
Des 66
Oe43
0. 24
0.06
la76
0.97
0.08
0.06
0.05
3.086
O.43
3.84
2. T4
0o 38
5.86
0.29

15.00
500
4400

12.00
4400

13,00
9. 00
8. 00
3.00
8,00

Fdk

11.00
10.00
12.00
15.00
5400
10,00
11.00
7.00
8.00
12,00
9.00
7.00
9,00
14.00
10,00
6.00
7.00

552.00
564,00
590.00
597.00
602,00
610,00
619.00
630400
633,00
633.00

597,00
603,00
603,00
610.00
614.00
617,00
618.00
620.00
622,00
626,00
628.00
632.00
632.00
632.00
633.00
634,00
635.00

751a71
720487
T65.86
783465
759.62
768492
809.59
769450
6020 42
802+.42

783465
798.32
798432
76892
735.58
797.61
790,78
TT4«84
802.08
793.19
Bl3.16
B56435
856435
856435
802.42
794409
80517

0.72
3433
8463
3.28
4627
2.12
3.75
1.68
12.95
5.12

3.76
2.22
le22
Oe24
0.33
6:48
2.74

2.02

Ta63
0.17
9,82
13.71
12.08
2.84
40,11
BeBT
3486

B+.00
10a00
14,00
10,00
15.00
10.00

9,00
13.00
13.00

14.00
13.00
13.00
15,00

6,00
13,00
13.00

8.00
15.00
144,00
15.00
1500
15.00
15.00
13.C0
10.00

9,00

Ue O

5.00
4.00
42 G0
4,00
5.00
9,00
200
5.00
1.00

T.00
3.00
4400
OID

4,00
l-UO
9.00
500
600
1.00
4.00
5,00
3.00
200
1.00
6,00
1.00

162



103

APPENDIX B



JOB
NOP
NJOB
KOUT
KODE
MG
MGQ
NJL
DDATE

KFILE

UBAR
SLK

LAH
SUMPT

M

TLATE
MACH (MG)
NAVL (MG)

SJOB(I,11)

STORE(11)
JOP (JOB)

TSHOP (JOB)

DESCRIPTION OF VARIABLES

FOR THE SIMULATION PROGRAM

Job number

Operation number

Job arrival counter

Job departure counter

Code for priority rules

Machine group number

Machine group queue number

Number of jobs late

Due-date

Storage file for future operations

KFILE = 11 to 19

Mean shop utilization

Slack of selected operation

Code for look-ahead feature

Total processing time remaining for job
Number of operations per job

Lateness of job

Number of machines in machine group MG
Number of available machines in machine group MG
Storage array for next job arrival. Each job/operation
consists of 11 attributes.

Storage array for selected job/operation.
Number of incomplete operations on job

Total time in shop for job
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THIS IS THFE MAIN PRGGTAMGIT INITIALIZES NUN-UGASLP JARTABLES

COMMON ID,IH,INIT.JEVENT.JMCN!F,NFA,NSTFP,Nx,rKC'NCELCT,NHISTC.hFC
1.HDRPT.HOT.NPRA”S,MRUM,MRUWS,MSTAT.CUI.SCALF,WSiEG,T\Dh.TSTf%T,FST
20D, MXX

CONMCN ATTRIB(L1),ENQUIO),INN{L19) 3 JCELLS(5422) KRANK(19),MAXNCLLIG)
I,MFEI19),ML?(lQ).MCELLS{S).NOt19).DﬁRANS(ZC,AI,GTIMEtlvi,SSUNA(15,
251, SUNAIBO,6)sMLCIL19), IX(8)

COMMCN MACHI{G) yNAVLI(9),SJCBIL6,11L1,STCRE(LL),TSECP(1500),4rP115C0)
COMMCN JNR NCP yMGQy MG KNDEGET s TLATZ,CCATE,EPROSZNICESKOUTH A, T MIL,
lTBA,bEAR.SLK,LAH,TDD,KTA,KTE,KTDB,KTBC,DATE.GSLH

DIVENSION NSET(13,35C0)

#%% APPLICATION OF GAS? II TO JCB SHOP SCHECULING ¥*%

Jos = JOB NUMBER

NOP = OPERATICN NUFMBER

MG = MACHINE GROUP NUMBER

MGEQ = MACHINE GROUP QUEUE

DDATE = DUE-DATE

Jop{Jrce) = NN, OF IMCOMPLETE OPERATICNS CN JOE
TSHOP(JNB)Y = TOTAL TIME IN SHOP FCR JCB

MACHING) = NO« OF M/C IN M/C-GROUP MG

NAVL(NG) = N0« OF AVAILABLE M/C IN ¥/C-GRCUP FG
LAH = LOCK AHERAD FEATURL

SLK = SLACK OF SELECTEC QOPzRATION

M = NN. CF OPERATICNS PER JCB

NJOB = JOB ARRIVAL COUNTER

RauT = JNB DEPARTURE COUNTER

NJL = NO. OF JCBS LATE

KFILE = STORAGE FILES FCR FUTLRE OPERATIONS
KFILE =11 7O 19

*%% PRIORITY RULES *%®%

KNCE = 1 - FIRST CCME FIRST SERVED
KODE = 2 - SHORTEST PROCESSING TIHE
KODE = 3 - JCB SLACK

KOBE = 4 - JrB SLACK PER OPERATION
KODE = 5 = JCB SLACK RATIO

KODE = 6 = EARLTIEST DUt CATE

KKK=C

READ 10+KODE,LAH,KPRE,AyByCATE,GSLK
FORNMAT(315,4F6,.1)

PRINT 10,FODE,LAH,KPRE y Ay B CATEZGSLK
KKK=KKK+1

0O 15 I=1,1500

Jnpin =0

TSHOP{I)=0a

00 25 J=1.9
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MACH(J)=1
NAVL(J)=MACHLJ)
TRA=Ce.

TB[J:C.

KTAa=1C

KTC=1C

KTRBA=C

KTBC=C

NJDOBR=C

KouT=C

NJE=C

BT=0,

CALL CGASP(MNSET)
IFIKKKeFQsKPRB) GO TO Z0O
GO TC 100

STCP

END



sNoelaNsNelelaleNeNeNaNale

OO0

c O,

15

20

SURRCLTIME R
THIS Sunpeyr
COMMEN ED, 1,

20P, MXX

COMMON ATTRIBCLL)2ENCILI) INN{L9)},JCELLS(5,22)KRANK(19),MAXNO(]19)
1, MF:(lqunLc(lq),KL?Ll%(SI.NC(IQJ,PA{AMS(ZC ), CTIMEZ(L9),SSUMALLS,

251, SULMALBC. &

ANJOBINSET)
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TME DETERMINES THE VARICUS ATTRICUTES FOR THE JUR

TMITeJrVINT g JMONIT ¢ MF A MSTCPy FX g MAC NCOLCT o NHISTL W NCER
Lo NORPT g NDT 3 NPRAMS G NAUN JNRUNS yNSTAT g OUT 9y SCALE G NSEED W TNCA TSTART,LTST

Y} MLC{12),IX(R)

COMMOCN MACH(9) yNAVLI(9),SJ0B(16,11),STORE(LIL),TSHOP(1500),JOP(15T0

COMMCON JOD N
1TBA,LRAR, SLK
DIMENSINN PT
DIMENSTION NS

ATTRIE(1)
ATTRIB(2)
ATTRIB(3)
ATTRIB(4)}
ATTRIBLS)
ATTRIB(6)
ATTRIE(T7)
ATTRIB(#)
ATTRIB(9)
ATTRIB(10)
ATTRIB(11)

oy oo

ATTRIB(1)=C,
ATTRIE(2)=1,

DETERMINE NU

M=RNORML (4,43

DO 15 IL=14M

DO 15 IK=1,1
SJOB(IL,IK)=
TTIME=0,

ADD CNE TC A

NJCB=hJP+1
JOP (NJOR)Y=#
IFINJCEWGTa
BT=C.
AT=0.C5

Ga TC 22

SCHECLLRE AT

AT=ERLANG(]

CP,MGC.MG.KGCE,BT,TLATE,CDATE'EPRUS,NJEE,KBUT'A'P,NJL;

tLAH  TED KTAZKTC s KTBALKTEC,CATE,GS5LK
IME(20),0G(20),STIME(2C)
ET(1341)

SCHEDULEEL TIME OF NEXI EVENT

EVENT CODE(ARRIVAL-1; cND OF SERVICE-2)
ARRIVAL TIME CF PROCUCT(JCH)

M/C GRCUP REQUIREMENT

PROCESSING TIME/DOPZRATION

CPERATICN NUMBER

JOR NUMPBER

CUE CATF

SUM CF PROCESSING TIMES FOR REMAINING OPZRATICNS

MUMBER CF CPERATIONS
MEXT MG REQUIREMENT

MBER CF CPERATIONS
)
1
Ca

RRIVAL

t) GC TC 20

FOR Jna

+1)

ATTRIF({L)=PT+AT
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25

ATTRIP(3)=ATTRIEBI(1}
gT=ATTRIE(L)

DETERMIME PRNCFSSING TIMF FCR EACH OPEPATIECN

DD 25 K=1,¥

ATTRIC(6)=K
PTINME(K)=CRLANGI(2,2)
PT=PTIME(K)

CALL FISTOG(PT,CesCaSy2)
NGIK)=UNTFRM(A4B,43)
IF{KeECel) GC TC 4C
IFING(K)=NGIK=1)) 40,30,40
ATTRIB(4)=NGIK)
ATTRIB(5)=PTIMEZ(K)
ATTRIB(7)=NJTRB
TTIME=TTIMF+PTIME (K)
STIME(K)I=TTIME

DO 25 Jd=1,7

SJOB(K JJI=ATTRIB(JJ)

DETERNMINE CUE-CATE FO® JCB

COATE=ATTRIR(L}4CATE*TTINE
ATTRIE(8)=CDATE
ATTRIE(1C)=M
SJOR(1+8)=ATTRIB(E)
SJOB(1,9)=STIME(M])
SJOB(1,10)=M
SJOB(1,11)=SJ40B(2,4)

L=M+1

SJCB(L+4)=0,

DO 35 I=g2+M
SJCBI(1,8)=ATTRIB(8)
ATTRIE(9)=STIME(M)=STIME(I-1)
SJCB(I,9)=ATTRIBI(9)
SJOB(I410)=M

K=I+1

SJOBIT,11)1=SJUNR{K,4)
SJOB(M?)=BTIMF ()

RETURN

FND
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SUBRCLTIME FVENTS(I,NSET)

THIS SURROUTTINE CONTRCLS THE EVENTS

COMMIN TD,TM TN Ty JEVFAT, JeC i IT o MEAMSTOR g MKy ¥XCy NCILOT NP TST, = CF
L NOROT, MO T o NPRAMS g MR UM p MRUNS g NSTAT 4 NIUTy SCALE G NSTED, TA Ty TSTRET 15T
2002y MXX

COMMCA ATTRIPE11),ENCII9), TNN(19),JLELLS(5,22) yKRARK (L), MAXNE(1G)
L MFE(L9)aFLA(19) ,NCELLS(S5) 3 NQULS )y PARAMS(2C,4) LTIV ZL19),SEUMALLS,
251 4 SLNAL30,601,“LC{19), IX(8) :

COMMCN MACIT(Y) yNAVLIO) ySUCBI16,11),STORE(LLY, TSHOPEL5CO) 2302 (1500)
COMMCN JOF yNOP oy HGQy MG aKODE 4 BTy TLATE 4 COATE 4 EPROSNILE fROUT oA ML,
1TBA,LEAR, SLK,LAH,THOKTA,KTCyKTBA,KTOD, CATE,GSLK

DIMENSICN NSFT(13,1)

EVENT 1 = ARRIVAL OF J0O8
EVENT 2 = ENC DOF PRCCFSSING

GO TC(1l42),1

CALL ARIVAL(NSET)
RETURRA

CALL ENPROCS(NSET)
RETURN

END
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SUBRCLTINF ARIVAL{NSET)

THIS SURRCUTIN® SCHEBULES AN OPERATION GN REQUIRED MACHIME AND
ALSC THE ARRIVAL OF THe REXT JOB

COMMOEN TN 1 o TNIToJIVENT g JMONI Ty FFAZMSTCP 3 b Xy MXE o MCOLLT o MHI ST, NEE
1,NCQPT,NDT,W”R&PS,H?UM,HRUHS,NSTAi,RUT,SCALZ,NSEED.TNQH,TST&PT.TS[
207, MXX

COMMCN ATTRIP(lli,ENQtLQI,INN(IQi,JCELLSIS,EZI,KQANK(lQl,PAxwethl
1,MFE(1Q),chtlﬂ),NCELLSIB}.HQ(19},P&RAMS{ZG.A).LrINE(qu.%SUNA(IB,
25) s SUNAIRT, 6, MLC{19), [X(8)

COMMCN MACH(Q),HAVL(G!.SJCBElé.lll.STGHE(ll).TSHGO{ISGG),JDP{15CO)
COMMON JOQ,HCP,MGC.VG,hGDEyBT,TLATE,CBATE,EPRGS,NJQH,KEUT,A,B,NJL,
LTBALLEPAR,SLKLAH,y TEC,KTA,KTCyKTBA KTBCsCATESCSLK

DIMENSION NSET(13,1)

MG=ATTRIB(4)

JUB=ATTRIB(T)

TBA=TNOW-TBA

KTRA=KTRA+1

ATBA=KTRA

AIA=TANOW/ATBA

IF{KTRALEQ.KTA) GO TC 50

GO TC 60

PRINT T70,KTA,ATA

KTA=KTA+1O

FORMAT(IH 410X, 1545%X,F0e2)

CALL FISTOG(TBA30s90a5,41)

TBA=TAOMW

IF({NAVLIMG))Y 180C,2,3

SCHFCLLT JGB ON AVATILABLE MACHINE

NAVL (NG I=RAVLIMG)-1

CALL THFSTAT(FLOAT(MNQ(1)),THOW,14NSET)
ATTRIB(1L)=THNCW+ATTRIB(5}

ATTRIB(Z2)=2.

CALL FILEM(1,MSET)

GO T0O 30

CALL ERPORI(1,NSET)

JOB MUST WATIT FPR MACHIME

ATTRIB(1)=THNCW

ATTRIR(2)=1.

MGC=NMC+1

CALL TMSTATIFLOATINQIMGN) )y TNCW MOCeM57T)
CALL FILEM(MCOL,NMSET)

RAEAD I[N DATA FOP ARRIVAL OF MEXT JCB

CALL RANJCOINSET)
M=pATTRIP(1N)
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DO 40 IL=1,11
ATTRIDCILY=SJNLL,IL)
CONTIANLE
Tw=SJCR(1,9)1+5JNE(1,5)

CALL TMSTAT(TW,TNCWy11,NSET)
CALL FILENM(1,NSET)

STORE FUTURE DPTRATICNS IN KFILE

DN 2C TJd=g.M

DO 10 IK=1l,11
ATTRIB(IK)=SJOBIIJ,IK)
MG=ATTRIE(4)
KFILE=MG+10

CALL FILEMIKFILE,NSET)
CONTINUE

RETLURN

END
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SUPRCLTTINF TNPRCSINSET)

THIS SUPRNUTIME SCHEDULES THE CGND CF PROCESSING EVINT AND CCLLECTS
STATISTICS

COMMEN TN, IMyINTITyJIVENT g JUCNIToFFAGMSTOP yMX g XC o NCOLLT o NHT S VO, M0
1, NORP T, MOT o NPRAMS g NRUN g NRUNS ¢ MSTAT yCUT y SCALT ¢ NSEED, TNUW,TSTAT 1, 15T
20P 4y VXX

COMMCN ATTRIPRULI} s ENQULIO) s INNILO) o JCELLS(5422) o KEANK{L19)3#axXMC(19)
1sMFELLI9) o MLTLL1 ) g NCELLS(5Y yNQELI) 9y PARAMS(2C44 ) CTIMC (L), 55UMA(15,
25)3SUNAL30,6),MLC(L19),1X(8)

COMMCN MACH(9) yNAVLI(S),SJCB(16,11),STCRE(L11),TSHOPI15CT),I0P(15CC)
COMMON JOPR JNCP MGGy MG KODEZCTaTLATEZCCATZ,,EPROSyNJORKOUT Ay BaNJL
1TBAZURAR s SLKsLAH, TBDyKTAZKTC K TBALKTBD4yCATEZGSLK

DIVMENSION NSET(13,1)
MG=ATTRIB(4)

NOP=ATTRIR(6)
JOB=ATTRIB(T}
CDATE=ATTRIR(&)

MGQ=NC+1

FORMAT(1H 440X,1545XyF6e2)
JOP(JCDY=JOP(JOR) -1

Al

TEST TO SEE IF ALL OPERATICNS ON JCB hAVE BFEN CCMPLETEL

IFCJCPJOR)Y 40041G,20
IF{JCB.LT,201) GO TO 31

ACD CNE TO DEPAPTURE COUNTER

IF{JCR.EQ.201} GO TO 11

GO TC 1?2

PRINT 21, TNOW

FORMAT{1H ,10X,"START STATISTICS AT",Fb642/)
KOUT=KOUT+1

TBD=TNOW-TBD

CALL RISTOG(TDN,0.:0e545)
KTBD=KTBD+1

ATRD=KTRD

ATC=TNCW/ATBC

IF(KTED.FQeKTD) GC TC 15

GO TC 45 '

PRINT 75,KTN,AID

KTD=KTL+10

TAD=TAOW
TSHOP{JOP)=ATTRIB(1)-ATTRIL(3)

COLLECT STATISTICS CN TLATE AND TSHCPLJCB)
CALL COLECT(TSHOP(JCPR) 416,NSET)

CALL FIST{:FJ(TQHDPIJCP,rlS-' 15-"(!)
TLATE=ATTRIPB(]1)-CNATE
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IF(TLAT «CTef) SUMALL,06)=SUNMALL.E)+]1.
NJL=SLMALL,6)

CALL COLFCTU(TLATE,1,ASET)

CALL FISTNC(TLATE,=2C0,42Cas3)

MI=1

DO #C 1=311,1%01,1C0

MJ=MJ+]

IF(JCR.LTLT) GO TC S0

CONTIANUE

MS=MJ+15

CALL COLECT(TSHNP{JOE) 4MSNSET)
IF{(TLATELGT.0) SUMAIMI,6)=SUMA(MI,E)+1,.
CALL COLECT(TLATE,MJ,NSET)
IFIKCLT.ER«4CO) GO TO 5CC *
GO TC 30

MSTCP=-1

RETURN

REMOVE NFXT CPERATION FROM KFILE

TJOB=J0R

[F(LAF.TQe0) GN TO 55

CALL FIND(TJCB,74145,KCOLyNSET)
[F{KCCL.EQ.OQ) GO TO 55

GO TG 30

KFTLE=ATTRIB(11)+10

CALL FIND(TJCB,7,KFILE,5,KCOL4NSET)
[FIKCCL.EC.Q) GO TO 100

CALL REMOVE(KCOL,KFILE,NSET)
MG1=ATTRIB(4)

MGF=NG1+1

CHECK IF MACHINE IN MG AVAILADLE

IF(NAVL(MG1)) 2C0,25,35
CALL TMSTAT(FLOAT{(NQ(MGF)),TNOW,MGF,NSET)

JOB MUST WAIT FOR MACHINE

ATTRIB(1}Y=TNCH
ATTRIR(2)=1.

CALL FILFM(MGF,NSET)
GC TC 30

SCHEDLLF JNR CN AVAILABLE MACHINE

NAVLINMGI)=NAVLIMGL) =1

CALL THSTATEFLOATINGIL)) ¢ TNGW,14NSET)
ATTRIB{L)=THCW+ATTRIE(S)

ATTRIRIZ)=2.

113
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CALL FILEM(L1,MSET)
GO TC 2"

CHECK FOR JCBS WAITING FCR SCRVICE IN MG CUEULE

31 TRC=TNOW-TED
CALL FISTOG(TBD,0s+Ce545)
KTBD=KTED+1
ATBC=KTBD
AID=TNCW/ATEC
IFI(KTED«EC.KTD) GO TC 16
GO TC 46
16 PRINT 75,KTR,AID
KTE=KTD+10
46 TBD=TANOW
30 IF(NC(MGE)) 300,60,4C
60 NAVLING)=NAVLIMG)+]
RETURN
100 CALL ERRCRI(2,NSET)
200 CALL FRROP[2C,NSET)
300 CALL ERRDR(3C,MNSET)
400 CALL ERRCR{40,NSET)

SELECT JOB/OPERATICHN FROM MGQ

40 EPRCS=0.
CALL SELECT(NSET)

SCHECULLE MNEXT J0B

IF{EPRDS«FQeCu0) GC TC 95
G0 TG 65

95 ATTRIR(1)=TNOW+ATTRIB(5)
ATTRIE(2)=2.
CALL FILEM({1,NSET)
GO TC 85

65 ATTRIB(1)=CPROS+ATTRIR(5)
ATTRIB(2)=2.
CALL FILEMI1,NSET)

£S5 RETURA
ENR
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SURRCLTTI™NE SFLECTINSET)

THIS SUMAGUTIME STLECTS THD NEXT CPFRATICN BASEL N PRICRITY RUL=
COMNMCA T, IM I T Ty JOVENT y UM ONITyMEAZMSTUP g MKy MXCy NCOLUT p HES Ty WU
Ly MCRPT 10T s HPRAMS  MRUM y HRUNVS 4 MSTAT ¢ OUTy SCALZ 9 NSEEU» TNGh s TSTART 15T
20PyMAX

COMMCL ATTRIP(LIL)ENGLLO), INN(19), CELLS(5422) s KRANKILD ), MAXNG(LSF)
LyMFE(LD),MLEILD )4 NCE LLS(51,VQ[19),P5ﬁANSlEG 4),0TIME(LY),,SSUMALLS,
25) 3 SULMA(2G,8),MLCI19),1X(8)

COMMCN MACHI9) yNAVLI(2),5J0E116, 11),STﬂerll),TSHDP(IJOU),JOP(lGCO)
COMMCA JOR,NCP,MGC,MG,KODE,BT TLATEDCATE,, ZPROS,NJOB,KUUTA,B,M L,
1TBA,UEAR,SLK;LAH,THD,KTA,K[D,KTBA,KTBE,DATE,GSLK

CIMENSION SAVE(11),0UMP(70,11)

CIMENSICN NSET(13,1)

GO TC{1,1+3+3+3,1),K0DE

KOGE = 1 - FIRST CCME FIRST SERVED
KODE = 2 - SHORTEST PROCESSING TIME
KODE = 6 — EARLIEST DUE DATE

REMOVE FIRST OPFRATICN FROM MGG

MFES=NFEIMGQ)
CALL REMOVIOIMFES,MGQ,NSET)

RETURA

KOCE = 3 - JOB SLACK

KODE = &4 = JOB SLACK PER OPERATION
KOCE = 5 = JCB SLACK RATIC

MFE1=NFE(MGD)

TSLK=CSLK

CALL REMOVE(MFC1l,MGC,NSET)
TFINQI(MGQ)-1) 110,20,30

TwQ JCBS WAITING IN QUEUE

DO 15 I=1,11
STORE(II=ATTRIB(I)
NOP=ATTRIBI(6)
DDATE=ATTRIR(A)
SUMPT=ATTRIR(S)
M=ATTRIB(10)

DETERNMIMNF SLACK BASED ON PRIDRITY RULE

SLACK1=DDATE-TNCW-SUMPT
[F(KCCE = %) 267,245,250
SLACK1=SLACKL/ (M=NOP+1)

50 TC 2k0
SLACKLI=SLACKI/[CDATE-=TNCW)
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230G

4G

45

150
120

130

450
4C0O
50

35

140
160

REMOVE SECONC OPEIATICN FROM MGG

MFEZ=NFI{¥50)

CALL REMOVE(MFEZ,MGQ,NSET)
NOP=ATTRIP(6)
CDATE=ATTRIB(A)
SUMPT=ATTRIR(9)
M=ATTRIB(LIG)
SLACKZ=DDATE-TNCW-SUMPT
IF(KOLCE = 4) 280,270,275
SLACKZ=SLACKZ2/ (M-NCP+1)

Gn TC 280

SLACK2=SLACKZ/ (CDATE-TNCW)

DETERMINE JOE WITH MIMIMUM SLACK
IF(SLACKL1-SLACK2) 35,435,460
RETURN DPLRATIAN NCT SELECTED TG MGG

DO 45 I=1,11
SAVE(T)I=ATTRIRA{I)
ATTRIB(T)=STORE(I)
STCRE(T)=SAVE(T)
CALL FILEM(MGQ,MSET)
SLK=SLACKZ

IS LCCK AHEAD FRATURE SCHEDULED

IFILAF4FQ,1) GO TCO 150
GO TC 400

IFIKCCE - 4) 450,120,130
TSLK=TSLK/ (M-NOP+1)

GO TC 450
TSLK=TSLK/(NDATE-TNCW)

CHECK Tn SEF IF SLACK IS POSITIVE

IF({SLKeHRTLTSLK) CALL CHECK({NSET)
C3 5C I=1,11
ATTRIB{I)I=STCRE(T)
RETURN

CALL FILEMIMCQ,MSCT)
SLK=SLACKL

IFILAF«TQael) GO TO 140
30 TC 410

IF(KOCRE = 4) 460,16C,170
TSLE=TSLK/ (¥=NOP+1)

GO TC 46C
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170 TSLK=TSLK/(CRATZ-THOW)
460 IF(SLKOGT«TSLK) CALL CHZCK({LSET)
410G D0y &5 I=1.11
55 ATTRIP(TI)=STORFIT)
110 RETURA

MORE THAN TWC JOBS WAITING IN QUELZ

30 C9 60 I=1,11

60 STORE(II=ATTRIRBII)
NOP=ATTRIE(6)
COATE=ATTRIR(E)
SUMPT=ATTRIE(9)
M=ATTRIZ(1D)

DETERMIME SLACK BASED ON PRIORITY RULE

SLACK]1 =DDATE-TNCW=SUMPT

IF(KCCE - 4) 31C,295,3C0
295 SLACK1=SLACK1/(M-MOP+1)

GO TC 310
300 SLACK1=SLACK1/(CDATE-TNOW)
310 K=MNCI(¥GQ)

REMCVE NEXT CPERATION FRCM MGQ

BN 7C J=1,K
MFE2=NFE(MCO)
CALL REMOVE{NEEC2,MGQNSET)
NOP=ATTRIR(6)
COATE=ATTRIR(8)
SUMPT=ATTRIP(9)
M=ATTRIB(10)
SLACKZ=DDATE-TNOW-SUMPT
IF(KCCE = 4) 360,335,340
335 SLACK2=SLACK2/ [M=NCP+1)
GO TC 260
340 SLACK2=SLACK2/{(CDATE=THNOW)

DETERM[NG J0OR WITH MINIMUM SLACK

360 IF{SLACKY-SLACK?2) 75,75,80

75 DO 85 L=1,11

85 DUMP(JyL)I=4TTRIC(L)

: 6nh TC 70

50 DN 90 JK=1,11
DUMP LS,y JK)}=STNRT (JK)

90 STORZ(JKI=ATIRIRLJK)
SLACKL=5LACK?2

TG CORTINUT
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200
210

570
176

195
470
420
220

PUT REMAIMIMG JNBS IN Panpor M/C GRCUP QUELUE

SLK=SLACK1

DN 212 J=1,X

CO 2CC TJ=1,11
ATTRIF(IJ)=0DLMP LI, 1)
CALL FILEMUMGE NSET)
IFILAF«TQa1) GO TD 570
GO TC 4ZC

IF{KCCE — &) 470,180,190
TSLK=TSLR/ (M=NTIP+]1)

GO TC 470
TSLK=TSLK/{DDATE-TNCW)
IF{SLK«NTaTSLK) CALL CHECKINSZT)
pn 22C I=1,11
ATTRIB(I)=STCRELT)
RETURN

END
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SUBRQOLTTINE CHECKINSET)

THIS 1S THZ LOOK AHEAL SURRCUTINZ o IF SCME JOb Is LATS y T 1T
REPLACES THT PREVIOUSLY SELECTED JOHZOPE2ATICH WITH ThiL LATZ J60
COMNCN ID,I”,IHTT'JKV;NT'JMKWIT,ﬂPA,NSTEP,PX,MKC,WCHLE s NHTST L N0L
.NDRPT.HOT,NPRAMS,NRUN,NRLNS.?STAl.Cur,SCALS,MSEED.ThUs,TsrﬂaTgTST
20P, MXX

COMMCN ATTplﬂlll‘rENC(IQ)'IN”(IQ)'JCELLS(5!22!;KRANK(193,Fﬂyﬂﬁilq}
1.MFE(1Q),FL?llQ!'NCELLS(SI1RC(lq)gPﬁRﬁMS{ZU|43|CTIHEI111135U*ﬁ(lgn
25),SUMAI3C,6),MLCIL13),IX(B)

COMMEN NACH(Q).QAVL(Q)7SJBB(167111;5TUQE(11)rTSHGP(lSLU),JVP{IECC)
COMMON JDR,NEP,MGC,NG,KDCE.BT.TLATE;ECATE,EPRUS'NJDB'KUUT.@,B,NJLy
1TﬁAgLEAR,SLK|LAH,TED,KTA,K[D,KTBA'KTFC,EATE'GSLK

DIMENSINN TRIX(10, 110 3ATRIX{1L),BIRIX(1L)

DIMENSION MSET(13,1) '

K=0

LSL=0

GM=MGC-1

STS=TNCW+STCRE(5)

DO 11C TK=1,10

DO 110 TJd=1,11

TRIX(IK,1J1=",

DETERMINE IF ANY JI'B SCHEDULLCL FCR NPERATICN OM MG

CALL FINDI(G¥y1141,5,KCULsNSET)
IF(KCCL.EQ.0Q) GO Tf 20C

GO0 TC 300

IF(KeEQe D) RETURN

GO TC 800

K=K+1

REMCVE OPERATION FROM EVENTS FILe

CALL REMOVE(KCOL,1,NSET)
DO 10 I=1,11
ATRIX(I)Y=ATTRIB(1)
NOP=ATTRIRI(6)
CDATE=ATTRIR(R)
SUMPT=ATTRIB(9)
M=ATTRIR(L10O)

DETERMIME SLACK RASEDR ON PRIORITY RULE

SLACK=CDATZ=ATTRIR(1)-SUMPT
[FIKCCE = 4) 25,445,655
SLACK=SLACK/ (M=-NOP+1)

GO TC 35
SLACK=SLACK/(DNATE=ATTRIR{1))

CHECK T SEFR IF SLACK IS NuGATIVe
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150
6C0
400
25
15

40

8a0

35

220

g¢ao

65
75

[F{SLACKLTWCe) GO TN 5CO
GO TC 406

STC=ATTIRIE(])
ST=STE-STC
IF(STaGT&CaN) GO TO &CO
GO TC 406

CALL FRROR(S5C,NSET)
IF(SLACK.LTWSLK) GC T0r 15
DO 25 I=1,11
TRIX(KeI}=ATRIX(I}

GO0 TC 100

Lo 4C I=1,11
TRIX(K,[)=ATRIX{])
BTRIX{T)=ATRIX{1)

LSL=1

SLK=SLACK

GO TC 100

[FILSL.LE.")} GO T0O 9CO
CJNB=RTRIX(T)
SPRCS=BTRIX{1)
NFILE=GM+1C

CO 95 I=1,11
ATTRIZ(I)=STCRE(I)

CALL FILEMIMGG,NSET)

FIND JOB SCHEDULED ON MG FOR NEXT CPERATICN

CALL FIND(CJCB,74NFILE,5,KCOLyNSET)
IF(KCCLLEQ.0) GO TO 150

REMOVE OPFRATION FROM NFILE

CALL REMOVF(KCOL NFILE,NSET)
DO 22C I=1,11
STORE(IN=ATTRIBLI)

RETURN ALL OPERATIONS TO EVENTS FILE

DO 75 IK=1,K

DN €5 I=1,11
ATTRIB(T)=TRIX(TKy 1)
CALL FILEMU(Y,MSET)
RETURN

END
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SURRCLTIME CUTPUTI(MSET)

THIS SUBRCUTINZ PRAINTS OQUTPUT REPLRT

COMMEN TR Iy T IT Ty JEVENT g JMCNIT o MFAMSTCP oMY g MXC o NCOLCT y NHT ST, il
1,QQRPT,HUT,“PQ&NS,NQUM,WQUNS,NSTAT.”UT,QCALE,WSEED,T\OH,TSTAPF,TQT
20P,MXX

COMMECN ATTREZULT) yENCU1IT) yINN(I9) 4 JOCELLSI5,22) KRANK (12}, MAXNC(LT)
1, hFF(lQ},ML-il?!,\CFLLS(S).hQ(lqi,PA&ANS(ZL 4),yCTIMIILI)»SSUMATLS,
25) s SUNAL3D,6),MLCI19), 1X(8)

COMMEN MACHTI9) 3 NAVLI9),S300B(16,11)3STCRE(LL),TSEOP(1I500),JNPI1500)
COMMCN JOL +NCP s #GQ s MG KOCF BT TLATEZCOATE g LPROSNICB Gy ROUT 4 A4l 471 dLy
LTBALURAR, SLK,LAF TRO,KTAKTE,KTRA, KTRD,BATE,GSLK

DIMENSION NSFT(1341)

FORMAT(IH1, 10X, vk QUTPUT REPQORIT *%x?//)

FORMAT(1H 410X, *ND, 0OF JOBS LATE = *,15/)

FORMAT(1H 410X, 'NG. OF JGBS I# SHGP = ', I5/)

FORMAT(IH ,1CX,*PRICRITY RULE = ":+15/)

FORMAT(1H ,1CX,'N0Os OF JOBS COMPLETE =1',15/)

FORMAT(1H ,10X,"MEAN SHOP UTILIZATION ='yF8s3/)

FORMAT(1H 410X, *END OF SIMULATIGN AT',F10.2/)

PRINT 10

PRINT 40,K0ODRE

PRINT 292,NJL

PRINT 30,NJOE

PRINT 50, KOUT

PRINT 60,UBAR

PRINT 70, TNOW

RETURN

END
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SUBRCLTINMNE DATAININSET)

THIS IS A GASP SUBROUTIME WHICH READS IN DATA FUR GASP CONESTANTS

AND INITIALIZES ALL FILZS :TCa.

COMNCN IDy ITMGINIT g JEVENT g JMONTI Ty MEFA G MSTOPy MX g MXC o NCULCT g NHT ST, NG
1,NORPTNAT g MPRAMS s MRUNMyNRUNS yNSTAT 4DUT g SCALE g NSEEUS TNUW o TSTART, TST
ZOPyMXX

COMMCN ATTRIB(11)4ENCELO) o INN(LID), JCELLSI5,22) KRANK(LZ),MAXHC(19)
Ly MFE(19) s MLTIL ) 4MCFLLS{5) ¢ NQ{L9) PARAVS{ZC 4 ) CTIMELLD)HSSUVE(LS,
25)sSUNMA(BC,6),MLC(19),IX(8)

COMMEN MACH(9) yNAVLI9) ySJCBILE,11L) 3 STCRE(LL),TSHCPIL1ROC),JOP(15C72)

COMMEN JOB yNOP 3y MGQ MG KODE BTy TLATEsCLATE S EPROS $NJCR 4 KCUT s A9 F o MJL,
1T3A,UBAR,ySLK,LAH,TBC,KkTAZKTCoKTEA,KTBO,CATE 4GSLK

DIMENSION NSFT(13,1)

IF (NCT) 23,1,2 *

23 CALL ERRNORI(OE,MNSET)
1 NOT=1

NRUN=1

REAC 101,MRUNS

IF (NRUNS) 3C,30,31

30 STOP
101 FORMATI(IS)
31 PRINT 102
102 FORMAT(1H1,25X,'#%% SIMULATION CF A JOB-SHCP *¥x'//)
5 READ 803 ,NPRAMS,NHISTC ,NCCLCT 4NSTAT,IC, IM KOG, MXC,SCALE
803 FORMAT (BIS5,F10.2)
READ 106,MSTCPyJCLEAR,MNORPTyNEP,TSTART,TSTCP,NSEED
104 FORMAT(415,2F1043,15])
105 FORMAT(RIS)
READ 105, (IX(I),1=1,NSEED)
103 FORMAT(1913)
JMCNIT=0
INIT=1

SPECIFY INN=1 FOR F1F0, INN=2 FCR L1FO

READ 103, (INN(I),I=1,NCQ)

SPECIFY KRANK=RANKING FROW

READ 103, (KREVK(T},1=1,M0C)

SPECIFY NUMRER CF CFLLS IN HISTCGRAMS NCT INCLUDING END CELLS
IFINRISTO) 23,24,25

READ 105, (NCELLS(I)yI=1,NHISTU)

[F{NPRAMS)} 23,10,8

B G 1=1,NPRAMS

READ 106, tPARAMS([4J)ed=1,4)

D PRINT 10741 IPARANSITyJ) e d=1,4)
106 FORMAT (4F1044)

[RS BRAV]
x 0
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10

11607

298

299

600

400

500
15
16

116

17
18
110
117
370
360

111
11

FORMAT (1H=, 10X, "PARAMFTER NOas'y[5,4F12.4)

TNOW=TSTART
INITIALTIZ® MSET

CALL SET(1,NSET)

PRINT 1107,S5CALF

FORMAT (1H~,1CX 4 *SCALE =",F1Ce0)
GO TC 299

SPECIFY INPUTS FOR NEXT RUN

[IFINEP} 23,298,5
INIT=1
GO TC 10

READ IN INITIAL EVENTS

CALL RANJOB(NSET)

DO 60C IL=1,11
ATTRIB(TL)=SJOB(1,1L)
CONTINUS

M=ATTRIR(10)

CALL FILEM(1,NSET)

STORE FUTURE QOPFRATICMS IN KFILE

DO 5GC TJ=2,V

DO 4CC TK=1,11
ATTRIB(IKI=SJUNB(TJ,IK]
MG=ATTRIB(4)
KFILE=MG+1C

CALL FILFM(KFILE,NSET)
CONTINUF

IF {(JCLEAR) 20,20,16
IF (NCOLCT) 23,110,116
D0 18 I=1,NCGLCT

DO 17 J=1,3
SUMALTL,J)=".
SUMA(I,+4)=1.CF20
SUMA(T4+61=0,
SUMA(1,5)==-1,0%20

IF (NSTAT) 23,111,117
DO 360 T=1,NSTAT

pno 37C J=1,3

SSUMA(T 4.J)=0Ca
SSUMA(T+4)=1,08520
SSUMA(T 45)=-1.0E20
[FINEISTOY 273,20,118
D0 3EC K=1,YMKISTN

123
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070 38C L=1,"XC
3f0 JCELLSI¥,L)=C

PRINT OUT FILIMG ARRAY

20 JEVENT=10C
CALL MOMTR{NSET)
PRINT 4032 :
403 FORMAT (1H1 438X, "2%[NTERMCODIATE RESULTS***//}
RETURN
END
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SUBRCLTINE SUMARY(NSLT)

THIS SURRDUTINE PRINTS QUT THE STATISTICS,FISTOISRAMS AMD NQUTULSS
COMMEN TN, 1¥, 1M1 TfJF.VF'\iT;JI"'C'\.'lI,VFA,P"STCP,WX,VXC;‘\]CCLCT T ST,
1'NDRDT,HGTyﬂpRAVSqNRuvgNQUWS,USTAT.ﬂUToSCﬁLEvNSFEUgrNOhgTSTQQT,
20P 4 MXX

COVMMCA ATTRTP(II);EVQ(lQ}'INN(1?)1JC§LLS(5;22},KﬂﬂVK(lﬁ),HhKﬂﬁ(IQ}
11MFE(19)pMLﬁflq)vwﬁELLSIS),NQ(lQ}pPNRAMS[2C1Q],CTINE(l?‘vSSU”ﬂ(IS,
25) 3 SLVMAL3C,6)+MLC(19),IX(7) )

COMMEN MACHIQ],NAVL(Q)'SJCBllﬁyll)gSTUQF(ll|yTSFCP(150031JOP[lGQG’
COMMCN JDP'MPP,MGQ.NG,KDDﬁ,BT,TLATE,DDATE.FPQGS.VJGB.&HUT.A,G,”JL.
lTBAqUﬁﬂpuSLK,LAH,TBD,KTﬁyKTCgKTEA'KTBD.DATE‘GSLK

DIMENSION NSET(13,1)

PRINT 100

FORMAT (1H1) b

PRINT 21

[F (NCCLCT) 5460466

PRINT 199

FORMAT (///71H1,36X%X,"ERROR EXIT,TYPE 98 ERRCRY)

STOP

PRINT 23

COMPUTE AND PRINT STATISTICS GATHERED BY CCLECT

CO 2 I=1,NCOLCT

IF{SUNA(L,3)) 5,622,461

PRINT 63,41

FNRMAT(IH 27X+ 13,10X,'NC VALUCS RECORCEC'/)
Gh TC 2

XS=SLNMA(T,1)

XKSS=SLMA(T,2)

XN=SUMA(T,3)

AVG=XS/XN

VAR= ((XNEXSS)=(XSEXS) I/ (XN*(XN-1e))

N=XN

PRINT 24,I,AVG,VAR,SUMA(I.é}qSUMA(I,S);N.SUVA(I,&)
CONTIANUE

IF (NSTAT) 5,67+4

PRINT 100

PRINT 21

PRINT 29

COMPUTE AND PRINT STATISTICS GATHERED BY TNMSTAT

DO &6 I=1,4NSTAT
IF{SSUMALTL1)) B,471,72
PRINT 63,1

GO TC 6

XT=SSLMACT, 1)
XKS=SSLMALT,2)
XSS=SSUMA(T,2)
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AVE=XS/XT

VAR=XSS/YT-AVGRAVE

DITANT 37y T e AVO VAR 3 5SUMALT 36 ) y SSUMATT 57, XT
& COMTIRLT

CALCLLATF ¥EAM SHNEP UTILIZATION

phrr=C,
L BC [=191C
BJCP=0Jdr P+ (SCUMALLI,2)/SSUNMALT,1))
50 CONTIMNUGE
UHAR:SSU&ﬁ{ll;El*EJDE*SUNA(lé.B)1!9,T*SSUFA(II.II#SUNA(légl}!
67 1IF (NFISTT) €47%5,49
9 PRINT 1900
PRINT 21
PRINT 25

PRINKT HISTCGRAKS

11 €O 12 I=1,NHISTC
NCL=NCLLLS(T)+?
12 PRINT 26, T, (JCFLLS(I4J)yJ=1,NCL)

PRINT FILFS AMD FILE STATISTICS

75 CO 15 I=1,M0C

15 CALL PRINTC(I,NSET)
RETURN

71 FORMAT (1h=,39X, " *%GASP SUMMARY REPORT*%'//)

23 FORMAT(IH—,&1X, %% GENERATEL DATA =#*'//1H ,27X,'COCE MEAN
1VAR, MIN, MAXe CESe NJL.'//)

24 FORMATIIH 427X413,4F9.2,17,F10a42)

25 FARMAT(/1H=y41X, %% GENERATED FRECQUENCY CISTRIBUTICNS ***//1H ,17X
1,'CCCE'435X, "HISTCGRANMST/ /)

26 FORMAT(IH 417X,T13,5X,2314/)

29 EOPFAT(1H=~,30X, " %% TIME GENERATELC CATA *%'//27X,'C0CE MEAM
1 VAR, MINe MAX, TOTAL TINERZ/)

30 FORFAT(IH 427X412,4F9.2,F13,3)
ENE
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ABSTRACT

The advent of digital computers and in recent times, the development
of general simulation languages such as SIMSCRIPT, GPSS and GASP II hos
made possible the study of the complex job-shop scheduling problem.

The effect o: six priority rules on job-shop scheduling was investi-
gated. The measures of performance considered include measures of inven-
tory - number of jobs in the system ~ and measures of individual job
progress — total time in shop and lateness.

Regardless of the measure of performance, the shortest processing
time (SPT) rule was found to be the best. The slack based rules, though
capable of better performance than the first come, first served (FCFS)
and earliest due-date (DDATE) rules, are much more complicated and would
require elaborate computing facilities for impleméntation.

The behavior of the SPT rule was studied to determine the best due-
date (DATE) multiplier. With a value of 5-7 assigned to this multiplier,
the percentage of jobs late was reduced to about 10% or less.

The slack based rules were found to reduce the lateness variance
considerably. An effort to reduce the number of jobs late was made by
implementing the look ahead and its variations. No significant improve-
ment in schedule was observed. Future research on the look ahead should
be directed along the lines suggested.

Finally, GASP II, although simple to use - being a FORTRAN based
language, is slow in execution, With some modifications, it would compare
more favorably with a general simulation language such as SIMSCRIFPT which

is more economical in terms of computing time.



