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ABSTRACT

ANALYSIS OF A HEURISTIC ALGORITHM FOR
JOB SCHEDULING IN A MANUFACTURING
PLANT

Ayca Topeu
MS. in Industrial Engineering
Advisor: Prof. M. Akif Eyler
Jun 2000

This thesis analyzes the scheduling rule used by a truck plant in the shop
floor for job shop scheduling. For this the feasibility of the scheduling rule
and ten more rules taken from the literature and the reasons of feasibility or
unfeasibility of the rules are explored.

For the exploration a object-oriented simulation model of the shop floor has
been developed and used for the experiment. Then to find a more feasible
solution for the job scheduling in the plant a sensivity analysis has been done
by changing one environment parameter and running the simulation again
for the new experiment. Eight job shop performance measures have been
tested during the experiments. Statistical procedures, analysis of variance and
Tukey test, and graphs have been used for the analysis of the results of the
experiments.

Keywords: Job Shop, Job Shop Scheduling, Scheduling rule, Job Shop
Performance Measures, Simulation, Object-Oriented Simulation, Analysis of
Variance, Tukey Test
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OZET

BiR TRAKTOR FABRIKASINDA
TEZGAH PLANLAMA ICIN
KULLANILAN HEURISTIK

ALGORITMANIN INCELENMESI

Ayca Topeu
Endistri Mihendisligi, Yiliksek Lisans

Danisman: Prof. M. Akif Eyler
Haziran 2000

Bu tez bir traktdr fabrikasinda tezgah planlamada
kullanilan ¢izelgeleme algoritmasini incelemektedir.
Bunun icin bu c¢izelgeleme algoritmasi ve literatiirden
alinan baska on algoritmanin uygulanabilirligi ve
uygulanabilir veya uygulanamaz ise bunun sebebleri
arastirilmaktadir.

Arastirma i¢in {retim atolyesinin nesne tabanli bir
simulasyon modeli hazirlamis ve bu model ile deney
yapilmistir. Daha c¢ok uygulanabilir bir ¢ozium bulabilmek
igin atolyenin bir c¢evre parametresi de§istirilerek
sensivity analizi vyapilmis ve bunun icinde simulasyon
tekrar c¢elistirilarak yeni deney yapilmistir. Deneyler
sirasinda sekiz atdlye performs Olglisinin deJerleri test
edilmistir. Yapilan deneylerin sonu¢larini analiz etmek
igin varyans analizi ve Tukey testi gibi istatiksel
yontemler ve grafikler kullanilmistir.

Anahtar Sézciikler: Atdlye, Atolye Cizelgeleme,
Cizelgeleme Algoritmalari, Atdlye Performans Olcgiileri,
Simulasyon, Nesne Tabanli Simulasyon, Varyans Analizi,
Tukey Testi
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Reverse critical ratio. Critical ratio is (lead time remaining) /
(due date - now). If due date is now then critical ratio is (lead
time remaining)/-1.01.If any critical ratio is negative,
selection is done within jobs which have negative critical
ratio. The job with minimum critical ratio is selected from
the queue. If there is no job with negative critical ratio, the
job with maximum critical ratio is chosen.

Most work remaining. Job priority equals minus the sum of
the processingtimes for all operations not yet performed.

Operation due date. The initial allowance is divided equally
among the several operations of the job and due dates are
assigned to each operations.

Slack time. Job priority equals the time remaining before the
job due date minus all remaining processing time for the job.
Jobs are run in order of the smallest amount of slack.

Slack per operation. The job with the smallest ratio between
the slack time and the number of operationsstill remaining to
be performed receives the highest priority.

Shortest processing time. Job priority equals processing time of
the imminent operation.

Static Slack. Due date minus time of job arrival at that
machine.

Static slack per operation. The job with the smallest ratio
between the static slack time and the number of operations

still remaining to be performed receives the highest priority.

First come, first served. Jobs are removed from a particular
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queue in the same order as they enter.

The ratio of imminent operation processing time to the sum
of remaining processing times on the job.

A linear combination of SPT and SLO with equal
weighting. The job priority is (0.5*SPT) + 0.5 * (SLO).
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Introduction

The aim of the study is to analyze the heuristic algorithm used for job
scheduling in a truck plant , fix the cases where this algorithm does not find
a feasible solution , and find the reasons of this failure.

There are two shop floors in the plant: Machine manufacturing and
Assembly. A truck requires many kinds of pieces. Each piece is operated in
the machine manufacturing floor. Each kind of piece has to be operated in a
sequence of operations. An operation basically includes a machine and a
queue. When one piece operated by one operation, it goes to the queue of
the next operation to be operated. When the machine of the operation
becomes idle a piece from its queue is chosen to be operated next. The
problem is which piece is going to be chosen. Since time is very important
for this plant they had found a solution based on time. The algorithm they
use to solve this problem is to calculate the required time to finish each piece
in the queue and choose the piece which requires the maximum time to
operate.

First part of the study is to define the environment of the problem. To make
the definition clearly the literature and the past studies done on operations
scheduling has been used.

In chapter two and three the approaches to analyze and solve the problem
has been investigated and the most appropriate one according to our
problem has been selected for our study.

In chapter three the approach and tools which have been used to solve the
problem have been investigated in detail.

The fourth chapter defines the shop floor with environment parameters and
explains the implementation of the experiments in more detail. During the
study, the simulation model of the machine manufacturing floor has been
developed according to the scheduling rule which the plant is using already
and ten more scheduling rules which have been taken from the literature.
Data sets has been collected from the factory. For each rule the simulation
has been run and the results has been collected and analyzed to fix the
feasible and infeasible solutions and then scheduling rules. Then the model



parameters have been changed and simulation has been run again to fix the
reasons of the unfeasibility and to find a better solution.

The fifth chapter includes the results of the experiments and the analysis of
the results.

Finally the conclusion has been derived from the results and analysis s in the
sixth chapter.



SHOP SCHEDULING PROBLEM

1.1 Shop Scheduling

The classical shop scheduling process may be characterized in terms of
following. A machine shop is equipped with various groups of machines.
Each machine group consists of a number of identical machines with respect
to their ability to process the expected work in the shop. The amount of
work constitutes several jobs to be performed on the machines. Each job
may consist of a single unit or a batch of identical units, usually determined
on an economical basis. Any job requires one or more operations, each of
which is to be processed on a single machine. An operation is determined
entirely by the specification of the job and the machine involved. The
operations comprising each job are processed on the machines in a specified
routing, also called as machine ordering. The machine orderings are usually
imposed by technological requirements which always dictate the basic
manufacturing process and types of machines, fixtures and tools to be used.

As the jobs flow through the shop, the associated operations must compete
with one another for each of the machine .When the operations the routing
comprising a job are completed, the job departs from the shop as a
completed job.

The shop scheduling problem arises whenever it is necessary to schedule a set
of jobs on a number of machines in a specified machine ordering, so that the
sequence of these jobs is optimal with respect to a given measure of
performance. The effectiveness of performance of the shop may be measured
in terms of one or more criteria such as minimum cost, minimum in-waiting
inventory, minimum completion time of all jobs, maximum profit,



maximum utilization of machines and manpower, or ability of meeting job
due-dates, whichever is or are most appropriate.

1.2 Shop Scheduling Models

There are a variety of situations encountered in operational systems dictates
the types of scheduling models. Shop scheduling models may be
distinguished by one or more of the following:

(1) a single-machine process versus a multi-machine process. In a single
machine shop each job has a single operation that is to be performed
on the single machine existing in the shop.

(2) a unique flow pattern for each job versus an identical flow pattern for
all jobs. The parallel machine shop can be regarded as an extension of
the single machine case, that m machines work in parallel. A flow shop
contains m machines, and jobs consists of strictly ordered sequence of
operations with a uniform direction, which means that the job’s
routing is given and must be adhered to fully. The general job shop has
m machines, jobs are in general multistage and can have any number
of operations.

(3) a fixed finite number of jobs to be performed on various machines
versus jobs arriving at the shop in a continuous fashion. The job
arrival process can be classified as static or dynamic. In the static case
all the jobs are to be processed at some time T, no further jobs will
arrive after time T to the end of the scheduling horizon. In the
dynamic shop jobs arrive intermittently. A finite number of jobs may
arrive at known future times, or jobs may arrive continuously
according to some probabilistic process. Static situations may occur in
dynamic where jobs are processed in batches.

(4) a complete and known information relative to jobs and machines
versus one or more of the elements involved behaving in a
probabilistic manner. A deterministic shop process has all job- and
shop- related attributes fixed and known with certainty. In a
probabilistic shop model, job arrival times or operation processing
times, or both, are random variables described by probability
distributions. The system becomes a queuing system in which one can



no longer generate a schedule, rather, one would resort a sequence.

[1].

(5) Product structure is another facet of the scheduling environment that
must be defined for a particular company. One question is the
existence of either single part or assembly routings. The issue is
whether the scheduling problem is dealing only with individual jobs
or if we necessarily must worry about matched sets of parts (jobs);
that is, must we schedule each component of an assembly to ensue all
are done at the same time. A final issue concerning product structure
is whether lot sizes are fixed or variable. For most scheduling case, lot
sizes are fixed and do not vary as the sequence of operations are

performed.

There are other terms necessary to define a scheduling problem, defined by
Conway and Hax [6], [1].

A job is a unit of a product or a batch of identical units, that must be
processed on certain machines. An alternative name is a task, commodity,
lot, job lot, production lot, production run, or shop order.

An operation is an elementary task to be performed. The amount of
processing required by an operation is called processingtime or operation time.
A job is a set of operations that are interrelated by precedence restrictions
derived from technological constraints. The precedence restrictions define
the routing, which is the ordering of the operations onto jobs. A machine is a
piece of equipment, a device, or a facility capable of performing an
operation. An alternative name is a facility, processor, or work center.

An operation has three attributes: it is associated with a job, is identified
with a specific machine, and requires a processing time on the machine.

Associated with each operation is a processing time which is required for the
complete performance of this operation. The processing time of an operation
may consist of :

(1) the job transportation time - the time required to transport the job
from one machine to another according to the prespecified machine
ordering;



(2) the machine setup time - the time required to prepare the machine for
performing that operation;

(3) the operation running time - the time required to perform the job on
a particular machine;

(4) the machine tear down time - the time required to reset the machine
after the operation has been completed.

Job release time. A job release time is the time at which a job is related to the
shop after it has been engineered. It is equivalent to the earliest time that the
processing of the first operation of a particular job could start. An alternative
name is job ready time, or job arrival time.

Job completion time. A job completion time is the time at which the last
operation of a particular job is completed. It is equivalent to the completion
date of this particular job.

Job waiting time. A job waiting time is the length of time that a particular job
has to wait before starting its next operation on a particular machine, in
accordance with the prescribed machine ordering,

Job due date. A job due-date is the time at which a particular job should be
completed and delivered. It is equivalent to the time by which the processing
of the last operation of a particular job should be completed. It can also be
defined as the desired completion time.

Job Allowable time. A job allowable time is the time allowed for a job to be
in the shop. It can be interpreted as the difference between the due-date of a
particular job and its release time.

Job lateness. A job lateness is the algebraic difference between the completion
time and the due-date of a particular job, regardless of the sign of the
difference.

Job tardiness. A job tardiness is the length of time that a particular job is
completed after its due date. Tardiness considers only the positive difference
between the job completion time and its due date.



Job earliness. A job earliness is the length of time that a particular job is
completed ahead of its due date. Earliness considers only the negative
difference between the job completion time and its due date.

Machine idle time. A machine idle time is the length of time that a particular
machine is not utilized before performing an operation.

A schedule is an ordering of the operations onto machines. A schedule has to
observe routing relationships,and possibly other restrictions.

In other words scheduling is assigning each operation of each job a start time
and completion time onto a time scale of a machine, within the precedence
relations postulated. It also specifies the idle time, if any, between the
processing times of each two successive operations.

Under uncertainty a schedule cannot determined because the arrival time of
the job, operation processing times, as well as other attributes might not be
fully known. Then all one can do is sequencing.

Seguencing means that, for each machine in the shop, one has to establish the
order in which the jobs waiting in the queue in front of that particular
machine have to be processed. A sequence does not provide the time at
which the operations are performed nor the existence of idle times between
various operations. A feasible sequence is a sequence which is consistent with
the prescribed machine ordering matrix.

Sequencing is concerned with the arrangementsand permutations in which a
set of jobs under consideration are performed on all machines. Scheduling is
concerned with the specifications of the starting or completion times of
certain jobs on all machines. Sequencing decisions focus on the arrangements
of events; whereas, scheduling decisions focus on the time of events. A
schedule is automatically created when a particular sequence is sought.

Schedule time. A schedule time is the time interval between the release time
of a set of jobs to the shop and their completion. It can be interpreted as a
date of completion of a set of jobs, given that their release times equal zero.
In such a case the schedule time can be defined as the maximum flow time of

all jobs.



Shop utilization (Machine utilization). A shop utilization is the ratio of the
total work load to the available capacity of the machines in the shop in a
given schedule period. The total workload may be expresses in terms of the
total processing times to be scheduled on all machines. Similarly, the
available capacity of machines may be expresses in terms of the time to be
employed in performing the work. The shop utilization is therefore a
fraction of the available machine capacity that is employed for performing
the work load assigned.

Machine changeover (machine setup). A machines changeover is the changing
of the machine preparation to process a particular job after the preceding job

-has been completed. This may include both tearing down the jigs and
fixtures used in processing the preceding job and setting up those which will
be used in processing the succeeding job.

In-waiting inventory (work in process inventory). It is the jobs being worked
on and waiting to be processed at a given machine. A job is in-waiting at any
time between the beginning and the end of its processing.

Production rate (output rate) A production rate is the rate at which work
flows through the operational system. The work may be measured in

various units such as number, weight, volume, time, or value.
Notations of the system

J={J1,...,Jn}jobs

M={M1,...,.Mm} machines

[Oik] the kth operation of job Ji

[Pik] the processing time of Oik where Oik e Jin Mk

Ri release date of a job

Ci completion date of job Ji

Fi is flow time of job Ji where Fi=Ci-Ri

Di due date of job Ji



Li lateness of job Ji where Li=Ci- D1

Wi waiting time of job Ji where Wi=Ci - (Ri + X Pjj, j is the operations of
job Ji completed)

Ti tardiness of job Ji where Ti=max(0,Li)

Ei earliness of job Ji where Ei=max(0,Di-Ci) or max(0,-Li)
Np(t) number of jobs processed at time t

Nw(t) number of jobs waiting at time t

Nf(t) number of jobs finished at time t

Ap(t) amount of work in progressat time t

Cmax = max{Ci}, i=1,...,n schedule time or total production time or
longest critical path

Ik = Cmax- Y. Pik,1=1,...,nidle time of machine k

U = >> Pij/ m.Cmax i=1,.,nj=1,...,m mean utilization

1.3 The Job-Shop Model

In intermittent systems the production rate that may be achieved with
existing capacity is much higher than the demand rate and, therefore, items
are normally produced in batches. Machines are time-shared among many
different items, being switched from one product to another according to
some pattern governed by demand process.

Typically, in a manufacturing environment the intermittent production
system generates the job shop scheduling problem. The job shop is the set of
all machines that are associated with a given set of jobs, and the problem is to
order the operations to be performed on each machine subject to routing and



10

shop constraints, such that some measurable function of the ordering is
optimized.

The scheduling literature contains a large variety of models ranging from the
simplest single-machine shop to the most general job shop with m machines.
There are assumptions made and the restrictions imposed upon the job shop
process.

The assumptions that are made to the model of the existing system under
study are :

e Each job can be in each one of three states:
e waiting for the next machine,
e being operated by a machine,
o having past its last machine.
e Each machine can be in each one of the three states:
e waiting for the next job,
e operatingon a job,
e having finished its last job.
e Each job is processes by one machine at a time.
o Each machine processes one job at a time.
e Each job is processed by all the machines assigned to it.
e Each machine processes all jobs assigned to it.
o Set of machines is known and fixed.

o Each operation once started must be completed without
interruption, preemption is not allowed.

e All processingtimes are fixed and sequence independent.

o The processing order per machine is unknown and has to be fixed.
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e The processing order per job is known and fixed, alternative routings
are not being considered. Consecutive operations on the same
machine are not permitted.

e Jobs become available at non-equal integer ready times or release
dates.

e No provisions are made for scrap or rework.

e Each machine is continuously available for assignment.

The dynamic probabilistic job shop

There are two dominant classes of job shop models and one which is our
case of study is dynamic probabilistic job shop.

Dynamic scheduling problems are those in which new jobs are continually
being added over time. Processing times for these jobs can be either
deterministic or stochastic.

In the dynamic probabilistic job shop, which consists of m functionally
related machines, jobs arrive at random and continuously over time.

In front of each machine there is a queue of jobs awaiting processing. After
processing on the machine in whose queue it has been waiting, the job
moves sequentially to other queues and, eventually, it is completed and
discharged from the system. Such a system has been visualized as a network
of queues.

In this context, it is no longer possible to construct a schedule in the sense of
assigning each operation a start time and a completion time on the
corresponding machine. The problem is partitioned into sequencing
problems at each machine. Thus, when a machine becomes idle, one has to
select out of its queue the next job for processing on this particular machine.
This sort of decision making is called guene discipline (in queuing theory),
priority rule or dispatching rule ( in machine scheduling theory), or selection
discipline.
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By use of a priority rule a priority index is assigned to each job in a queue
and then processing takes place in increasing or decreasing order of indices.
The priorities move the jobs through the shop instead of a schedule. There
are more than a hundred priority rules have appeared in research and
practice

One approach in the dynamic scheduling studies is to use different
dispatching - sequencing rules at the work centers. The use of rules gives
better results for certain criteria. The original work in queuing studies
concerned single-machine systems; later work extended the results to
multiple machines.

There are various ways in which single queue selection disciplines can be
generalized in a network of queues in the literature and past researches [6,

1,4].

Priority rules for improving the satisfaction of preassigned due dates:
EDD Earliest due date. Job priority equals its due date.

OPD Operation due date. The initial allowance is divided equally
among the several operationsof the job and due dates are
assigned to each operations.

SLA Slack time. Job priority equals the time remaining before the
job due date minus all remaining processing time for the job.
Jobs are run in order of the smallest amount of slack.

SLO Slack per operation. The job with the smallest ratio between
the slack time and the number of operationsstill remaining to
be performed receives the highest priority.

SSL Static Slack. Due date minus time of job arrival at that
machine.
SSLO Static slack per operation. The job with the smallest ratio

between the static slack time and the number of operations
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still remainingto be performed receives the highest priority.

Critical Ratio. Calculate the priority using (due date -
now)/(lead time remaining).

Rewverse critical ratio. Critical ratio is (lead time
remaining)/(duedate - now). If due date is now then critical
ratio is (lead time remaining)/-1.01.If any critical ratio is
negative, selection is done within jobs which have negative
critical ratio. The job with minimum critical ratio is selected
from the queue. If there is no job with negative critical ratio,
the job with maximum critical ratio is chosen.

Priority rules for relieving shop congestion:

SPT

LWKR

TWORK

MRW

SPTW

WINQ

FF

Shortest processingtime. Job priority equals processing time of
the imminent operation.

Least work remains. Job priority equals the sum of the
processing times for all operations not yet performed.

Total work. Job priority equals the sum of the processing
times of all operations of the job.

Most work remaining. Job priority equals minus the sum of
the processing times for all operations not yet performed.

The ratio of imminent operation processing time to the sum
of remaining processingtimes on the job.

Work in next queune. Job priority equals the sum of the
imminent operation processing times of the other jobs in the
queue that this job will next enter. A job waiting for its last
operation has priority of zero.

First come, first served. Jobs are removed from a particular
queue in the same order as they enter.
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RANDOM  Random. Job priority is a random number, determined at
time of entry to a particular queue.

There are other priority rules which are linear combinations of basic ones.
The rule described below is one that combines SPT and SLO to serve to
relieving shop congestion and satisfaction of preassigned due dates. Conway
[6] says that a composite procedure that employed an SPT strategy during
periods of relatively high congestion and shifted to SLO when the peaks
were passed would perform well.

MIX A linear combination of SPT and SLO with equal
weighting,
The job priority is (0.5*SPT) + 0.5%*(SLO).

1.4 Measure of Performance

In a shop scheduling problem, the objective is to interrelate the wok load,
job due-dates, and the productive capacity such that the effectiveness of the
shop is maximized and at the same time the customer’s satisfaction is met.
The effectiveness is measured in terms of various definable, quantifiable, and
appropriate criteria (measures of performance).

These objectives often conflict. We can better meet due dates if more
capacity is provided and if the work center capacity is less intensively
utilized. Similarly, more capacity typically reduces flow time, but at reduced
capacity utilization. If extra jobs are released to the shop, they tend to have
longer flow times; but capacity can be better utilized and perhaps due date
performance can be improved.

For each of the primary scheduling objectives, we must establish exact
performance measures. Moreover, for each objective there are competing
measures.

In real situations, any one of the single criteria cannot be optimized at the
expense of others and thus, it is necessary and desirable to assess the alternate
sequences with respect to a multiple criterion. However, it is different to
assess the multiple criteria because of the fact that we are usually faced with a
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problem of attempting to achieve the best balance of the various single
criteria, some of which may be conflicting. It would be no problem,
however, if a schedule dominates all other alternate schedules with respect to
all single criteria involved.

The measures of performance in a shop scheduling problem may take a
number of different forms. Each of these measures is to be maximized or
minimized to achieve the optimal usage of machines to effectively perform
the jobs.

Shop management might consider the following criteria to obtain that goal:
Minimum machine changeover time or cost

Minimum idle capacity including machines and manpower

Maximum reserve capacity for rush orders

Maximum shop utilization including machines and manpower

Minimum job handling in the shop

Minimum in-waiting inventory

Minimum raw material and end-product inventory

Meeting job due dates

Minimum schedule time

Minimum late shipments

Minimum obsolescence and deterioration losses

Due Date criteria

The ability to meet preassigned job due dates undoubtedly dominates other
criteria. In practice, the due date criteria are of the most importance because
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customers’ reactions are frequently involved when delivery promises cannot
be met. Basically, each job is assigned a due date through negotiations
between the customer and the shop management. In schedulinga set of jobs
to meet their due dates, the difference between the actual and promised
completion times can be measured in three different ways:

(1) lateness results when the actual job completion time does not coincide
with the associates promised completion time;

LJ = CJ 'Dja

(2) tardiness focuses attention on jobs that are completed after their due
dates;

Tj = max[0,Lj]=max(0,Cj-Dy),
(3) earliness considers jobs that are completed ahead of their due dates.
Ej = max[0,-Lj]=max(0,Dj-C)),

In general, the job earliness is not an extreme useful criterion, since tardy
jobs are usually the primary concern due to the obvious penalties they may
invoke. In certain instances, however, although not resulting in an external
form of cost arising from customer behavior, early jobs may give rise to an
internal penalty resulting from their effects upon storage (end-product or
finished good inventory) or even future planning.

In a job shop system, job lateness involves customers’ reactions which are
difficult to assess. Such reactions, however, will have serious implications in

the long run. In general, as penalty costs due to lateness include

(1) executive time taken up in dealing directly with the customer through
correspondenceand telephone calls;

(2) penalty clause in the contract;

(3) loss of good will resulting in an increased probability of losing the
customer for some or all of his future orders;
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(4) expediting because the jobs may have to be rushed through the shop at
an extra setup cost and inefficient use of equipment and manpower.

The complete elimination of job lateness must be brought at the expense of
other factors such as increased in-waiting inventory and decreased shop
utilization.

Flow Time Criteria

The time elapsed between the arrival and completion of job i is the total
time a job spends in the shop; it is called flow time Fi:

Fi=Ci-Ri

The flow time Fi is actually composed of processing time Pi, during which
job 1 processed by machines, and the waiting time Wi, during which job i
waits before operations begin.

Fi=Wi+Pi

The mean flow time increases with the increase in the mean number of jobs
in the shop, i.e. more rapid the turnaround of orders, the smaller the
number of jobs in the shop [1,6]. Therefore mean flow time has been used
frequently as a measure of shop congestion.

In waiting inventory

When more than one job exists in the shop, each job may compete at a
certain time for particular machine. This would result in an in waiting
inventory which consists of jobs forming a queue before each machine,
waiting to be processed. The in-waiting inventory may be measured by one
of the following:

(1) total number of jobs in the shop Ns which consists of the number of jobs
being processed Np and the number of jobs waiting to be processed Ng;
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(2) total work content in the shop Ws which is the sum of the processing
times for all jobs completed W, being processed Wp, and remaining Wr;

(3) work completed which is the sum of the processing times for all
completed operations for all jobs in the shop Wc;

(4) work being processed and remaining which is the difference between
total work content and work completed, or simply, (Ws-Wc) or (Wp +
Wr).

Such measures are considered equivalent to the investment in inventories
which are both tying up funds and preventing or delaying revenue.

The mean number of jobs waiting to be processed Nq determines the
goodness of sequence since it could ideally be eliminated completely.

The mean work completed Wc would be the best estimate of the in-waiting
inventory cost.

min(avg Nw), avg(Np) +avg(Nw) effects wip inventory costs

Finished Good Inventory

Early jobs may give rise to an internal penalty resulting from their effects
upon storage (end-product or finished good inventory).

avg(N{), avg(Ne) effectsfinished good inventory cost
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1.5 Approaches of Studying Dynamic Probobilistic Job Shop

The essence of studying the dynamic probabilistic of various priority rules in
terms of optimizing a predetermined measure of performance. Researchers
have approached the problem analytically, using queuing network theory,
and experimentally.

The dynamic probabilistic job shop represents a network of queues. Using
queuing network theory had proved to be extremely difficult, and therefore,
only limited results exist under some assumptions such as FF queue
discipline (priority rule) that do not suit our case [1, 18, 19].

In the face of the difficulties associated with analytic techniques, there are
several alternatives open for attack upon the problem.

One of them is the experimentation with real shops by implementing
various queue disciplines and their relative merits based on actual
performance. This is mostly impractical.

The second alternative experimental approach is simulation conducted in
real shops for operational purposes to project ahead the operation of the
shop in order to provide foremen and departments heads with estimates on
work load expected for the next time interval, and to evaluate the probable
effect dispatching decisions.

The third one is the simulation conducted for research purposes which tests
a given set of priority rules in the context of various job shop processes
under alternative measures of performance. And we use mostly computer-
based simulation programs.
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QUEUING NETWORK MODEL OF A JOB-SHOP
SYSTEM

2.1 Queuing network model of a job-shop system

Analytic approaches have been based on queuing models that provide
expected steady state conditions for certain kinds of situations and time
distributions. The criteria applied in the queuing studies typically involve
average flow times, average work-in-process or number of jobs in the system,
and machine center utilization[3,5].

The original work in queuing studies concerned single-machine systems;
later work extended the results to multiple machines. Applying queuing
theory to the multiple machine case requires such limiting assumptions that
results are only interesting from a research point of view.

A queuing problem arises every time we have customers demanding some
services which may not always be immediately available, and customers are
forced to queue for required services.

In analyzing and modeling queuing problems, the following three notations
seem to emerge naturally:

1. The arrival of customers,

2. The service duration,

3. The service strategy or policy,

In a job shop we have jobs will produce parts instead of customers,
operations instead of services, machines instead of servers.

The following defines the type of a queuing system



21

1. Input process means customer arrival probability distribution,

2. service discipline or queue discipline is the criteria the customers are
selected from the server queue to be served according to,

3. service mechanism is the service time probability distribution and service
facility design,

4. queue size which can be infinite or finite,

5. source size which can be infinite or finite.

In a job shop system there is network of service facilities (machine groups)
where customers (jobs) must receive service (operation) at some or all of
these facilities. The jobs must be routed through a sequence of machine
groups.

Each machine group is a single queuing system by itself.

Parts are partitioned into classes. Each class has a different arrival rate
random variable. For each class, there is a constant routing (transition)
between service centers and service requirementsin each service center.

The parameters that must be described for a service center are the number
of servers which are generally assumed to be identical, the storage capacity,
and the queuing disciplines which describes the order in which the parts are
taken from the queue and allowed into service.

There are N kinds of parts or classes of parts to be produced.

Each class has an arrival rate A j, where j is the indices represents class,

j=1,...N.

There are K service centers, M i number of servers in each service center i
where 1 is the indices represents the service centers, i=1,......,.K.

Each server has a service rate pij, where
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Figure 2.1 Queuing network model of a job-shop
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SIMULATION IN SCHEDULING PROBLEM

To examine realistic, multiple machine, dynamic scheduling situations,
simulation model is used more often [4].

Simulation is one of the most powerful analysis tools available to those
responsible for the design and operation of complex systems. In an
increasingly competitive world, simulation has become a very powerful tool
for the planning, design, and control of systems [14].

3.1 Simulation as a technique

A model is a representation of a group of objects or ides in some form other
than that of the entity itself. A model can be static in the sense that the
components do not move , or dynamic that some components move. Some
dynamic models behave deterministically, whereas others contain
probabilisticelements[15].

A system is a group or collection of interrelated elements that cooperate to
accomplish some stated objective.

Simulation is the process of designing a model of a real system and
conducting experiments with this model for the purpose of understanding
the behavior of the system and/or evaluating various strategies for the
operation of the system. Simulation modeling as an experimental and applied
methodology that seeks to accomplish the following:

W describe the behavior of system,
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B construct theories or hypotheses that account for the observed
behavior, and

W use the model to predict future behavior, i.e., the effects produced by
changes in the system or in its methods of operation.

Operation research teams typically use simulation when the stochastic
system involved is too complex to be analyzed satisfactorily by the kinds of
analytical models. In essence, the operation research view of simulation is
that it is a controlled statistical sampling technique for estimating the
performance of complex stochastic systems when analytical models do not
suffice. Rather than describing overall behavior of the system directly, the
simulation model describes the operation of the system in terms of
individual events of the individual components of the system. The system is
divided into elements whose behavior can be predicted, at least in terms of
probability distributions, for each of the various possible states of the system
and its inputs.

3.2 Discrete- Event Simulation

Discrete event simulations are simulations where changes in the state of the
system occur at random points in time as a result of the occurrence of
discrete events. The basic building blocks of a model for a discrete event
simulation are the possible states and events, a simulation clock for recording
the passage of (simulated) time, 2 mechanism for randomly generating the
different kinds of events, and a mechanism for then generating state
transitions.

3.3 Simulation Language

The choice of modeling language building the simulation program is vitally
important. Such a language is used to put the conceptual model developed
and validated into a computerized form then will be verified, validated, and
provide the basis for experimentation.

The basic purpose of most simulation studies is to compare alternatives.
Therefore, the simulation program must be flexible enough to accommodate
readily the alternativesthat will be considered. Because it often is impossible
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to predict exactly what interesting alternatives will be uncovered during the
study, it is essential that flexibility and provision for rapid, simple
modificationsbe built into the program.

The programming language should provide a convenient means of describing
the elements that commonly appear in simulation models. It also be able to
expedite changing the design and operating policies of the system being
simulated, so that a large number of configurations can be considered easily.
Another one is some type of internal timing and control mechanism, with
related comments. It should also be able to obtain data and statistics
conveniently. And should provide simple operational procedures, such as
introducing changes into the simulation model, initializing the state of the
model, altering the kind of output data to be generated, and stacking a series
of simulation runs.

3.4 Object-Oriented Approach and Simulation

The building of models has a broad acceptance among all engineering
disciplines, largely because model building appeals to the principles of
decomposition, abstraction, and hierarchy. Each model within a design
describes a specific aspect of the system under consideration.

Decomposition is the technique of mastering complexity has been known.
To understand any given level of a system, we need only comprehend a few
parts (rather than all parts) at once.

The first step in a simulation study is to develop a model representing the
system to be investigated. To develop a model the system broken down into
a set of components linked together by a master flow diagram, where the
components themselves may be broken down into subcomponents. Then
the system is decomposed into a set elements for which the operating rules
may be given. These operating rules predict the events that will be generated
by the corresponding elements, perhaps in terms of probability
distributions.

According to Object-Oriented approach we decompose the system according
to the key abstractionsin the problem domain. We view the world as a set of
autonomous agents that collaborate to perform some higher level behavior.
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Each object embodies its own unique behavior and each one models some
object in the real world. Objects do things when they receive messages to do.

Object-Oriented approach is better at helping us organize the inherent
complexity of complex systems.

Object-Oriented technology is built upon the object model. The object
model encompasses the principles of abstraction, encapsulation, modularity,
hierarchy, typing, concurrency and persistence.

Object-Oriented Analysis is 2 method of analysis that examines requirements
from the perspective of the classes and objects in the vocabulary of the
problem domain.

Object-Oriented design is a method of design encompassing the process of
object-oriented decomposition and a notation for depicting both logical and
physical as well as static and dynamic models of the system under design.

Because model building is so important to the construction of complex

systems, Object -Oriented development offers a rich set of models
mentioned above.

3.5 Key Elements of Object-Oriented Model

Objects and Class are two building blocks of Object-Oriented Modeling.
There are also four major elements of this model: Abstraction,
Encapsulation, Modularity, Hierarchy [16].

3.5.1 Object

From the perspective of human cognition, an object is
B 2 tangible and/or visible thing
B something that may be apprehended intellectually
B something toward which thought or action is directed

In the Object-Orientedliterature
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An object has state, behavior, and identity; he structure and behavior of
similar objects are defined in their common class; the terms instance and
object are interchangeable.

The state of an object encompasses all of the properties of the object plus the
current values of each of these properties.

Behavior is how an object acts and reacts, in terms of its state changes and
message passing. The state of an object represents the cumulative results of
its behavior.

An operation is some action that one object performs upon another in order
to elicit a reaction. It is a service that a class offers to its clients. In pure
object-oriented languages , we speak of one object passing a message to
another. Generally, a message is simply an operation that one object
performs upon another, although the underlying dispatching mechanisms
are different. In some other languages operations are declared as methods.

3.5.2 Class
A class is a set of objects that share a common structure and a common
behavior.

A single object is simply an instance of a class.

3.5.3 Abstraction
An abstraction denotes the essential characteristics of an object that
distinguish it from all other kinds of objects and thus provide crisply defined

conceptual boundaries, relative to the perspective of the viewer.

Abstraction focuses upon the observable behavior of an object.

3.5.4 Encapsulation

Encapsulation is the process of compartmentalizing the elements of an
abstraction that constitutes structures and behavior; encapsulation serves to
separate the contractual interface of an abstraction and its implementation.
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Encapsulation focuses upon the implementation that gives rise to the
behavior of an object. It is most often achieved through information hiding,
which is the process of hiding all the secrets of an object that do not
contribute to its essential characteristics; typically the structure of an object
is hidden, as well as the implementation of its methods.

3.5.5 Modularity

Modularity is the property of a system that has been decomposed into a set
of cohesive and loosely coupled modules. This can reduce the complexity of
the system to some degree.

Modules serve as the physical containers in which we declare the classes and
objects of our logical design. It give us a way to cluster logically related
abstractions.

3.6 The Visual Simulation Environment (VSE) ™

VSE is a discrete-event, fully object-oriented simulation tool . VSE
technology enables discrete-event, domain-independent, object-oriented,
picture-based, component-based, visual simulation development and
execution for solving complex problems[12, 13].

3.6.1 Basic concepts of VSE Modeling

An object is an element of interest. Each object possess some characteristics,
services, behaviors. Objects are the building blocks of VSE models.

A class is a grouping or categorization of objects with the same
characteristics, services, and behaviors. A class may be extended into other
classes, called subclasses. A subclass inherits all the characteristic, services,
and behaviors of the parent class.

The standard built-in VSE class library is called VSLibrary. All VSE models
are developed by subclassing from classes in the VSLibrary class hierarchy. A
VSE class is composed of the following parts: class documentation, class
variables, class methods, instance variables, instance methods and class
images.
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Three kinds of variables exist under VSE: class variables, instance variables,
and local variables. Class variables are attributes of a class and are declared in
the class for use by the methods of that class and its subclasses and by the
objects instantiated from that class and its subclasses. Instance variables,
declared in a class, are used by the instance methods of that class and are
created for each object instantiated as belonging to that class or any of its
subclasses, i.e., for each instance of a class, and hence the designator “instance
”. Local variables are declared within a methods for use only during the
execution of that method.

Services provided and behaviors exhibited by an object are specified in
methods. Two types of methods exist: class methods and instance methods.
Class methods are used to provide services specific to a class. Instance
methods, given in a class, are used to specify the services provided and
behavior exhibited for each instantiated from that class. Each instance
created as belonging to a class provides the services and behavior specified in
the instance methods of that class.

The method code is specified only once in the class and is not replicated
every time an object is instantiated from that class. Therefore the model
maintability is significantly facilitated since a potential change is localized to
only one method when hundreds of objects may inherit the method
behavior.

When an object is declared as a member of and assigned to a class, it inherits
the characteristics (instance variables) and behaviors (instance methods) of
that class as well as the characteristicsand behaviors of that class’s superclass,
and any ancestral classes, all the way back to the root class of the VSLibrary
which is VSObject

All instantiated objects communicate with each other via message passing.
Sending a message to an object implies the invocation of one of the receiving
object’s methods. How an object provides a service via method is
completely hidden from the rest of the world, i.e, encapsulated.

The VSE model architecture consists of static and dynamic parts. The model
static architecture is composed of hierarchically decomposed components.
The model dynamic architecture is made of dynamic objects. A dynamic
object is an entity of interest which physically or logically moves from one
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point to another in a model. A dynamic object may be decomposed into a
hierarchy of components similar to the model static architecture
decomposition.

A component is a part of the model static architecture or a part of the
structure of a dynamic object. A shallow component is one that has no
layout ( or no decomposition). A deep component is one that has a layout
(or a decomposition). A deep component has a graphical layout which may
be composed of images in EPS or TIFF format.

3.6.2 Advantages of using VSE

The VSE technology enables modeless to create direct and natural model
representations under modeling paradigm What You See is What You
Represent. It enables the decomposition of dynamic objects into a hierarchy
of graphical and picture-based components. The one-to-one correspondence
of objects between the model and the system reduces model complexity and
enhances model maintability, reusability, understandibility,and reliability.

The method code is specified only once in the class and is not replicated
every time an object is instantiated from that class. Therefore the model
maintability is significantly facilitated since a potential change is localized to
only one method when hundreds of objects may inherit the method
behavior.
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IMPLEMENTATION

Our model is a dynamic job shop where jobs arrive continuously with a
probability distribution.

The aim of studying a dynamic probabilistic job shop problem is to
determine the effectiveness of various priority rules in terms of optimizing a
predetermined measure of performance.

The aim of this study is to determine the effectiveness of the priority rule
which is used by the job shop under study.

The job shop consists of nine work centers. The number of machines that
each work center contains is listed on Table 4.1, which are multipurpose,
flexible machines that can process different types of jobs. We assume there is
no need to change the setup for different types of jobs.

Work Center Number of
machines

R NN W=
B O e e S S G W G W QY

9 1

Table 4.1 Number of machines of workcenters
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The shop processes two types of parts. Each one has a different routing.
Processing times are considered known at the time jobs arrive in the shop.

(Table 4.2- 4.3).

Work Center Operation Time (min)

No
5 4.837
8 6.521
5 5.660
8 6.185
9 5.882
4 8.000
1 8.000
8 7.222
2 6.818
3 5.000
8 7.222
7 5.454
Table 4.2 Route of Part 1
Work Center Operation Time (min)
No
6 4.837
8 5.084
5 5.660
9 5.882
1 8.000
8 7.954
2 6.818
3 4.800
7 4.800

Table 4.3 Route of Part 2



Each workcenter runs 16 hours a day and 6 days a week.
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In the model the operations processing times are deterministic, which means
fixed and known with certainty. Total operation time of Part 1 is 76.802 min
and Part 2 is 53.883 min.

The demand for parts are weekly basis (Table 4.4, 4.5).

Year3

Year 2

Year1

Year 3

Year2

Year 1

Dec

Jan

Feb Mar Apr May

Jun

Jul

Aug

Sep

Oct Nov

300
298
304
301
277
300
277
254
322
329
324
325

193
192
204
180
201
197
189
195
203
203
200
204

241
247
238
242
243
245
244
240
226
224
223
224

254
256
250
253
248
249
249
247
255
254
254
253

266
242
300
266
265
262
260
263
269
270
273
279

278
280
275
276
274
273
275
274
276
278
283
279

270
267
269
272
257
257
256
256
278
278
275
275

247
243
242
244
250
252
255
248
253
256
258
263

181
184
188
182
166
178
200
178
245
220
270
235

272
267
265
271
259
248
247
251
255
261
273
277

279
284
277
280
271
275
278
275
287
398
245
365

370
355
410
375
349
352
362
350
368
375
379
383

Table 4.4 Demand for Part 1

Dec

Jan

Feb Mar Apr May

Jun

Jul

Aug

Sep

Oct

Nov

452
454
417
404
452
414
372
368
352
329
314
305

302
310
276
279
302
312
315
283
277
252
250
246

305
375
351
363
305
300
251
244
251
250
250
351

360
368
374
366
352
353
312
309
315
309
305
351

417
416
415
410
400
404
344
402
455
210
212
205

465
457
449
498
453
450
446
452
456
453
412
409

405
400
401
388
376
371
374
371
322
318
317
351

350
355
363
366
351
354
345
332
302
304
281
280

303
266
260
262
300
265
256
233
243
256
252
245

354
407
401
403
426
351
358
353
353
311
317
411

460
368
362
356
352
358
355
365
318
302
328
402

503
509
510
490
520
518
507
505
451
427
420
406

Table 4.5 Demand for Part 2
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In the model the weekly demand is told at the beginning of each week as job
orders to the job shop to be completed at the end of the week. The jobs are
started at the same time.

The weekly demand is normalized by using table 4.4 and 4.5. The
probabilistic distribution of weekly demand is a normal distribution with
the parameters shown in table 4.6. The normality test results can be found in
Appendix 3.

Mean Standard Deviation

Part1 264 47
Part 2 357 73

Table 4.6 Normal distribution parameters of weekly demand

When there are jobs in the queue of a machine, the most work remaining
(MRW) i1s used as a priority (sequencing) rule (Chapter 1).

As we mentioned the aim of this study is to determine the effectiveness of
this priority rule. To do this in our study ten more priority rules are used
which are chosen from the literature [Chapter 1] and the shop performance
based on these rules are compared.

The rules are:

CRR Reverse critical vatio. Critical ratio is (lead time remaining) /
(due date - now). If due date is now then critical ratio is (lead
time remaining)/-1.01.If any critical ratio is negative,
selection is done within jobs which have negative critical
ratio. The job with minimum critical ratio is selected from
the queue. If there is no job with negative critical ratio, the
job with maximum critical ratio is chosen.

MRW Most work remaining. Job priority equals minus the sum of
the processingtimes for all operations not yet performed.
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OPD Operation due date. The initial allowance is divided equally
among the several operationsof the job and due dates are
assigned to each operations.

SLA Slack time. Job priority equals the time remaining before the
job due date minus all remaining processing time for the job.
Jobs are run in order of the smallest amount of slack.

SLO Slack per operation. The job with the smallest ratio between
the slack time and the number of operations still remaining to
be performed receives the highest priority.

SPT Shortest processing time. Job priority equals processing time of
the imminent operation.

SSL Static Slack. Due date minus time of job arrival at that
machine.
SSLO Static slack per operation. The job with the smallest ratio

between the static slack time and the number of operations
still remaining to be performed receives the highest priority.

FF First come, first served. Jobs are removed from a particular
queue in the same order as they enter.

SPTW The ratio of imminent operation processing time to the sum
of remaining processing times on the job.

MIX A linear combination of SPT and SLO with equal weighting.
The job priority is (0.5*SPT) + 0.5 * (SLO).

The performance of the scheduling rules is evaluated in terms of the
following measures:

1- Due date related measures : mean tardiness, proportion of jobs tardy,
mean lateness
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2- Flow time related measures : mean lead time, mean waiting time
3- In waiting inventory : number of Waiting

4- Finished good inventory : mean earliness, proportion of jobs early

The assumptions that are made to the model of the existing system under
study are :

o Each job can be in each one of three states:
¢ waiting for the next machine,
e being operated by a machine,
e having past its last machine.
e Each machine can be in each one of the three states:
e waiting for the next job,
e operatingon a job,
e having finished its last job.
e Each job is processes by one machine at a time.
o Each machine processes one job at a time.
o Each job is processed by all the machines assigned to it.
o Each machine processes all jobs assigned to it.
o Set of machines is known and fixed.

o FEach operation once started must be completed without
interruption, preemption is not allowed.

¢ All processing times are fixed and sequence independent.

o The processing order per machine is unknown and has to be fixed.
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o The processing order per job is known and fixed, alternative routings
are not being considered. Consecutive operations on the same
machine are not permitted.

e Jobs become available at non-equal integer ready times or release
dates.

e No provisionsare made for scrap or rework.

o Each machine is continuously available for assignment.

There are two ways to study this problem; analytically using queuing
network theory which is just applicable for a limited conditions; or
experimentally using simulation. But we have to model our system as a
queuing network to be able to develop the simulation model (Chapter 2, 3).

The problem is researched experimentally using simulation. The simulation
model of the job shop is developed by a computer simulation tool called
VSE ™ Simulation language, which is an object oriented language and easy to
apply our jobshop and all eleven priority rules. VSE Simulation language is
explained in more detail in chapter 3. The simulation program developed can
be found in AppendicesI and I

The study is conducted using a two phase approach: 2 main experiment
followed by a sensivity analysis (a second experiment).

In the main experiment the number of jobs arrive in each week is a random
variable and the job arrival time is static which is one week. Jobs demanded
for one week arrive to the job shop in the beginning of the week and should
be completed at the end of the same week. Hence the due date of a job is one
week. The arrival of jobs at the same time at the beginning of the week is
causing large number of work in process inventory. Therefore a sensivity
analysis is done by changing by changing the job arrival pattern. This time
the jobs demanded for a week arrive to the job shop one by one in a job
arrival time which is a random variable described by normal probabilistic
distribution derived from original demand pattern of parts [Table 4.7]. Due
date of jobs is still at the end of the week that job starts.
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Mean Standard Deviation
Part 1 229 398
Part 2 15.87 3.21

Table 4.7 Normal distribution parameters of job arrival time

The main experiment uses a one-way factorial design. The experimental
factors are job sequencing rules (eleven rules). In the sensivity analysis first
one-way factorial design is used as a standalone experiment. The
experimental factors are job sequencing rules (eleven rules). Then a two way
factorial design is used to investigate the impact of the experimental factors
on the shop performance and the interaction of the experimental factors.
The experimental factors are job sequencing rules (eleven rules) and job
arrival pattern ( the two pattern).

In the main experiment and then in the sensivity analysis 30 replications
with different seed number has been run for each priority rule. Each
replication is for 9 weeks times 6 days times 16 hours. The first two weeks
which is 11520 min is used for warm up period of the simulation
experiment.
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RESULTS AND ANALYSIS

In this chapter the results of the experiments done by the simulation
program and the analysis of the results is given. ANOVA and Tukey tests
are used to analyze the results of the experiments which are main experiment
and then the sensivity analysis.

5.1 Main Experiment

The main experiment uses a one-way factorial design. The experimental
factors are job sequencing rules .

Tables 5.1, 5.2 and 5.3 shows the summarized results of the main
experiment. The results of each performance measure can be seen graphically
in figures 5.1 - 5.9. To analyze the results one-way ANOVA and Tukey
tests are used. The results of these tests for each performance measure are
shown in tables 5.4 - 5.20.
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Proportion of Earliness |  Earliness | Lateness
Methods Awverage Variance Average  Variance| Awverage Variance
CRR 0,85 0 2281 17478 833 22630
MRW 0,85 0 2335 9069 783 40380
OPrD 0,84 0 2293 13290 827 27601
SLA 0,99 0 3334 17178 577 1592421
SL.O 0,99 0 3348 25366 626 1673996
SPT 0,84 0 2283 17451 837 21545
SSL 0,99 0 3309 21414 1208 251406
SSLO 0,88 0 2433 6337 902 36785
FF 0,84 0 2284 17207 838 21377
SPTW 0,85 0 2338 8837 788 42095
MIX 0,99 0 3363 35169 550 1798924

Table 5.1Summarized results of the main experiment

Proportion of Tardiness Tardiness
Methods Average Variance Average  Variance
CRR 0,15 0 613 38609
MRW 0,14 0 768 127497
OPD 0,15 0 638 62415
SLA 0,01 0 2179 6082822
SLO 0,01 0 2094 6340660
SPT 0,15 0 609 35641
SSL 0,01 0 892 843009
SSLO 0,11 0 629 117779
FF 0,15 0 608 35663
SPTW 0,14 0 761 133773
MIX 0,01 0 2262 6735166

Table 5.2 Summarized results of the main experiment
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Lead Time Waiting Time Number of Waiting
Methods Average Variance| Average  Variance| Average Variance
CRR 3922 99741 3888 138522 404 2312
MRW 3894 92060 3824 95910 404 2318
OPD 3918 98535 3854 98550 404 2317
SLA 2484 35434 2421 35450 263 1003
SLO 2484 35563 2421 35578 263 1005
SPT 3921 100394 3857 100399 404 2322
SSL 2498 37276 2435 37293 264 1013
SSLO 3690 63469 3626 63517 383 1842
FF 3920 99616 3856 99578 404 2315
SPTW 3888 95931 3824 96552 404 2344
MIX 2484 36553 2422 36182 264 1026

Table 5.3 Summarized results of the main experiment
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Figure 5.1 Main Experiment : Means of Proportion of Tardiness

Sourceof Variation ~ S§ . df MS F P-value Ferit
Between Groups 1,48 10 0,14 59,44 0 1,86
Within Groups 0,79 319 0

Total 2,28 329

Table5.4 Anova of mean proportion of tardiness (main experiment)

SLO SLA MIX SSL SSLO SPTW MRW OPD FF SPT CRR

0,01 0,01 0,01 001 0,11 0,14 0,14 0,15 0,15 0,15 0,15

Table 5.5 Tukey test : comparison of mean proportion of tardiness (main experiment)
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Figure 5.2 Main Experiment : Means of Tardiness

Source of Variation $S df MS F Pwvalne  Fcrit
Between Groups 148000000 10 14778642 7,90 0 1,86
Within Groups 596000000 319 1868458
Total 744000000 329

Table5.6 Anovaof mean tardiness (main experiment)

FF SPT CRR SSLO OPD SPTW MRW SSL SLO SLA MIX

608 609 613 629 638 761 768 892 2094 2179 2262
Table 5.7 Tukey test : comparison of mean tardiness (main experiment)
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Figure 5.3 Main Experiment : Means of Lateness
Source of Variation SS df MS F P-value Ferit

Between Groups 9716843 10 971684 1,93 0,04 1,86
Within Groups 160000000 319 502651
Total 170000000 329

Table5.8 Anovaof mean lateness (main experiment)

MIX SLA SLO MRW SPTW OPD CRR SPT FF SSLO SSL

550 577 626 783 788 827 833 837 838 902 1208

Table 5.9 Tukey test : comparison of mean lateness (main experiment)
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Figure 5.5 Main Experiment : Means of Proportion of Earliness

Source of Variation SS df MS i P-value Ferit
Between Groups 1,47 10 0,14 58,79 0 1,86
Within Groups 0,79 319 0
Total 2,27 329

Table5.10 Anovaof mean proportionof earliness(main experiment)

SPT FF OPD CRR MRW SPTW SSLO SSL MIX SLA SLO

08 08 08 0,8 0,8 0,8 08 09 09

Table 5.11 Tukey test : comparison of mean proportion of earliness (main experiment)
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Figure 5.6 Main Experiment : Means of Earliness

SSL

SSLO |
FF

SPTW |
MIX

Source of Variation S8 df MS F Pvalye Ferit
Between Groups 79641144 10 7964114 464 0 1,86
Within Groups 5475256 319 17163
Total 85116399 329

Table512.  Anova of mean earliness (main experiment)

CRR SPT FF OPD MRW SPTW SSLO SSL SLA SLO MIX

2281 2283 2284 2293 2335 2338 2433 3309 3334 3348 3363

Table 5.13 Tukey test : comparison of mean earliness (main experiment)
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Figure 5.7 Main Experiment : Means of Lead Time
Source of Variation SS daf MS F  Pwalue  Ferit
Between Groups 149000000 10 14917940 206 0 1,86
Within Groups 23042762 319 72234
Total 170000000 329

Table5.14 Anovaof mean lead time (main experiment)

SLA SLO MIX SSL SSLO SPTW MRW OPD FF SPT CRR

2484 2484 2484 2498 3690 3888 3894 3918 3921 3922 3922

Table 5.15 Tukey test : comparison of mean lead time (main experiment)
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Figure 5.8 Main Experiment: Means of Waiting Time

Source of Variation S af MS F  Pvalye Ferit
Between Groups 150000000 10 14975517 196 0 1,86
Within Groups 24288557 319 76139
Total 174000000 329

Table5.16 Anovaof mean waiting time (main experiment)

SLA SLO MIX SSL SSLO SPTW MRW OPD FF SPT CRR

2421 2421 2422 2435 3626 3824 3824 3854 3857 3857 3888

Table 5.17 Tukey test : comparison of mean waiting time (main experiment)
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Figure 5.9 Main Experiment : Mena s of Number of Waiting

Source of Variation SS df MS F Pvalue Ferit
Between Groups 1449545 10 144954 80 0 1,86
Within Groups 574840 319 1802
Total 2024385 329

Table5.18 Anovaof mean number of waiting (main experiment)

SLA SLO MIX SSL SSLO FF SPT SPTW OPD CRR MRW

263 263 264 264 383 404 404 404 404 404 404

Table 5.19 Tukey test : comparison of mean number of waiting (main experiment)
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In figure 5.1 and 5.2 SLA, SLO, SSL and MIX priority rules causes lower
proportion of tardiness, but higher tardiness than the CRR, MRW, OPD,
SPT, FF, SPTW. This means the shop floors using SLA, SLO, SSL and MIX
have jobs which of small proportion are tardy but nearly half week later
than their due dates. And CRR, MRW, OPD, SPT, FF, SPTW priority
rules have an opposite behavior. They cause more tardy jobs which are less
tardy.

For a given schedule period, the mean flow time increases with the increase
in the mean number of jobs in the shop or mean waiting time. In figure 5.8
SLA, SLO, MIX and SSL yield lower waiting times than the priority rules
SSLO, SPTW, MRW, OPD, FF, SPT, CRR. If we look to the figure 5.11
the standard deviation for the waiting time, we can see that the four priority
rules also has lower variations than the other rules. Also the four priority
rules result in very close variances. It seems that the flow time of those four
rules results in less shop congestion.

The implications of the flow time results i.e. the waiting time results on
customer delivery performance are examined directly by using the two
delivery oriented performance measures, tardiness and proportion tardy.

If we look to the figure 5.1 again we can see that with the priority rule SSL
the proportion of tardiness is low like the other three: SLA, SLO and MIX.
But SSL has better affect on shop performance because it has lower tardiness
than the other three priority rules as in figure 5.2. If we also look tot he
figure 5.10 which shows standard deviation for tardiness, it can be seen that
the priority rule SSL result in a lower standard deviation than the other
priority rules which ensures it gives greater customer service by delivering
the jobs earlier than the other priority rules and with more reliability.

Earliness results in the jobs which are completed earlier than their due dates.
In figure 5.5 and 5.6 the priority rules SLA, SLO, SSL and MIX yield higher
proportion of earliness and higher earliness than the other priority rules
CRR, MRW, OPD, SPT, FF, SPTW.

In figure 5.4 we can see that with each rule nearly all of the jobs are early
and tardy. If we look both figure 5.1 and 5.5, we can see that there are jobs
that are early but at the same time there are jobs that are tardy. This means
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that some jobs are completed very quickly while some others are waiting in
the queues a lot to be operated.

This also means there are nearly no jobs finished on time. Some jobs that are
tardy cause penalties because of their missing due dates, others jobs that are
early causes increases finished good or subitem inventories.

In figure 5.7 the lead time of the jobs are nearly between 2.5 and 4 days
which means the proportion of lead time to total operation time of jobs
(chapter 4) is between 50 and 30. With this results and figure 5.8, it can be
said that the jobs are waiting in the shop floor in queues of the machines
between 2.5 and 4 days and this causes high work in process inventory. This
also can be seen in figure 5.9. As a result there are always jobs waiting in
some queues of the shop floor and their average number is between 263 and
404. If we compare the priority rules by using table 5.15, 5.17 and 5.19 shop
floors using SLA, SLO, MIX and SSL have smaller job lead times, waiting
times and number of jobs waiting in the job shop than shop floors which are
using priority rules SSLO, SPTW, MRW, OPD, FF, SPT, CRR.

If we look to the table 5.20 which summarize the results of Tukey test for all
performance measures tested, the priority rules that have better effect on the
shop floor performance within eleven rules tested are SLA, SLO, MIX and
SSL. But still they are not good enough.

As a result except CRR all rules which includes the due date information in
their sequencing decisions, performed statistically better than the other rules.
The best as we mentioned above is SSL. So due date is the key of a better
performance.
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Figure 5.10 Main Experiment: Variances of Tardiness
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5.2 Sensivity Analysis

For the sensivity analysis first a second experiment is done by changing the
job arrival pattern.

The second experiment uses a one-way factorial design. The experimental
factors are job sequencing rules .

Tables 5.21, 5.22 and 5.23 shows the summarized results of the second
experiment. The results of each performance measure can be seen graphically
in figures 5.12 - 5.19. To analyze the results one-way ANOVA and Tukey
tests are used. The results of these tests for each performance measure are
shown in tables 5.24 - 5.34.

Then the results of the main and the second experiment are compared by
graphs and analyzed by a two-way analysis of variance and Tukeys test of

group level means. The results can be seen in graphs of figures 5.20 - 5.27, in
summarized table 5.43, in ANOVA tables 5.44 - 5.51, and table 5.52.

Proportion Tardiness | Tardiness Lateness
Groups Average  Variance|  Average  Variance|  Average  Variance
CRR 0 o 0 0 5688 0,01
MRW 0 e o 0 5688 0,01
OPD 0 0 0 o 5688 0,01
SLA 0 0 0 0 5688 0,01
SLO 0 0 0 0 5689 0,01
SPT 0 0 0 0 5688 0,01
SSL o 0 0 0 5689 0,01
SSLO 0 0 0 0 5688 0,01
FF 0 0 0 0 5689 0,01
SPTW 0 0 0 0 5688 0,01
MIX 0 0 0 0 5689 0,01

Table 5.21 Summarized results of the second experiment
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ProportionEarliness | Earliness

Groups Average  Variancel|  Average  Variance

CRR 1 0 5688 0,01

MRW 1 0 5688 0,01

OPD 1 0 5688 0,01

SLA 1 0 5688 0,01

SLO 1 0 5689 0,01

SPT 1 0 5688 0,01

SSL 1 0 5689 0,01

SSLO 1 0 5688 0,01

FF 1 0 5689 0,01

SPTW 1 0 5688 0,01

MIX 1 0 5689 0,01

Table 5.22 Summarized results of the second experiment

Lead Time Waiting Time Number of Waitings

Groups Average  Variance|  Average  Variance| Awverage  Variance
CRR 71,50 0,01 8,26 0,01 0,89 0
MRW 71,50 0,01 8,26 0,01 0,89 0
OPD 71,51 0,01 8,27 0,01 0,89 0
SLA 71,46 0,01 8,22 0,01 0,87 0
SLO 71,26 0,01 8,02 0,01 0,86 0
SPT 71,49 0,01 8,25 0,01 0,88 0
SSL 71,31 0,01 8,07 0,01 0,86 0
SSLO 71,50 0,01 8,26 0,01 0,89 0
FF 71,28 0,01 8,05 0,01 0,86 0
SPTW 71,50 0,01 8,26 0,01 0,89 0
MIX 71,26 0,01 8,02 0,01 0,86 0

Table 5.23 Summarized results of the second experiment
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Figure 5.14 Second Experiment : Means of Lateness

Source of Variation SS daf MS F  Puwalue  Ferit
Between Groups 3,47 10 0,34 19,82 0 1,86
Within Groups 5,59 319 0,01
Total 9,06 329

Table5.24 Anovaof mean lateness (second experiment)

OPD SPTW CRR MRW SSLO SPT SLA  SSL FF MIX SLO

5688 5688 5688 5688 5688 5688 5688 5689 5689 5689 5689

Table 5.25 Tukey test: comparisonof mean lateness (second experiment)

* the numbers are negative
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Figure 5.16 Second Experiment : Means of Earliness

Source of Variation $S af MS F  P-value Ferit
Between Groups C 347 10 0,34 19,82 0 1,86
Within Groups 5,59 319 0,01
Total 9,06 329

Table5.26 Anovaof mean earliness (second experiment)

OPD SPTW CRR MRW SSLO SPT SLA SSL FF MIX SLO

5688 5688 5688 5688 5688 5688 5688 5689 5689 5689 5689

Table 5.27 Tukey test: comparison of mean earliness (second experiment)
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Figure 5.17 Second Experiment : Means of Lead Time

Source of Variation Y df MS F  Pualye Ferit
Between Groups 3,47 10 0,34 19,82 0 1,86
Within Groups 5,59 319 0,01
Total 9,06 329

Table5.28 Anovaof mean lead time (second experiment)

SLO MIX FF SSL SLA SPT CRRMRW SSLO SPTW OPD

71,26 71,26 71,28 71,31 7146 71,49 71,50 71,50 71,50 71,50 71,51

Table 5.29 Tukey test: comparison of mean lead time (second experiment)
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Figure 5.18 Second Experiment : Means of Waiting Time
Source of Variation SS a MS F  P-value Ferit
Between Groups 3,46 10 0,34 26,67 0 1,86
Within Groups 4,13 319 0,01
Total 759 329

Table5.30 Anovaof mean waitingtime (second experiment)

SLO MIX FF SSL SLA SPT CRR MRW SSLO SPTW OPD

Table 5.31 Tukey test: comparisonof mean waiting time (second experiment)
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Figure 5.19 Second Experiment : Means of Number of Waiting

Source of Variation SS df MS F Pwalue Ferit
Between Groups 0,05 10 0,01 4 0 1,86
Within Groups 0,41 319 0,01

Total 047 329

Table5.32 Anovaof mean number of waiting (second experiment)

FF MIX SLO SSL SLA SPT CRR MRW SSLO SPTW OPD

086 08 08 08 08 08 08 08 08 08 0,8

Table 5.33 Tukey test: comparison of mean number of waiting (second experiment)
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Figure 5.12 and 5.13 shows that whatever the priority rules that is used is no
job is tardy, and figure 5.15 and 5.16 shows that whatever the priority rules
that is used is all jobs are completed very early which increases the finished
good inventory a lot.

Figure 5.17 shows that the average lead time of the jobs are not very
different then their total operation times and in figure 5.18 it is seen that the
jobs are completed nearly 8 minutes after they enter to shop floor. They are
waiting nearly 8 minutes in the queues of the workcenters of the job shop.
This results no work in process inventory. Though there is not much
difference in the effects on the job shop performance measures of the eleven

priority rules, the priority rules that have better effect on job shop are SLO,
FF, MIX, SSL (Table 5.24 - 5.34).

It seems that the change in job arrival pattern results in better performance

of the shop floor.

To analyze this better it is enough to look Figure 5.20 - 5.27 and table 5.43
show the comparison of the results of the two experiments due to the change
in the job arrival pattern .



Figure 5.20 Sensivity Analysis : Means of Proportion of Tardiness

Light colour represents main experiment.

Dark colour represents second experiment.
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Figure 5.21 Sensivity Analysis : Means of Tardiness

Light colour represents main experiment.

Dark colour represents second experiment.
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Figure 5.22 Sensivity Analysis : Means of Lateness

Light colour represents main experiment.

Dark colour represents second experiment.
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Figure 5.23 Sensivity Analysis : Means of Proportion of Earliness

Light colour represents main experiment.

Dark colour represents second experiment.
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Figure 5.24 Sensivity Analysis : Means of Earliness

Light colour represents main experiment.

Dark colour represents second experiment.
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Means of Lead Time

Figure 5.25 Sensivity Analysis

ain experiment.

Light colour represents m:

Dark colour represents second experiment.
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Figure 5.26 Sensivity Analysis : Means of Waiting Time

Light colour represents main experiment.

Dark colour represents second experiment.
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Figure 5.27 Sensivity Analysis : Means of Number of Waiting

Light colour represents main experiment.

Dark colour represents second experiment.
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In figure 5.20 and 5.21 it is can be seen that there is no job tardy in the
second experiment while there is always a percent of the jobs are tardy in the
main experiment. In figure 5.23 and 5.24 most of the jobs of the main
experiment are early while all jobs of the second experiment are early. And
the average earliness in the second experiment is much higher than the
average earliness of the main experiment.

In figure 5.22 the difference between to experiment can be seen in a different
view. All of these figures shows us if the orders of the customers can be
fulfilled on time i.e. committed due dates or not. And another thing that can
be found that if there would be finished good inventory or not. Since
tardiness causes penalties because of jobs missing their due dates; earliness
increases finished good or subitem inventories. In the second experiment the
jobs are completed very earlier than their due dates.

In figure 5.25 whatever the priority rule that is used in the second
experiment the lead time is very low compare to the main experiment. Also
in figure 5.26 again whatever the priority rule that is used in the second
experiment the waiting time is very low compare to the main experiment.
This shows that changing the job arrival pattern in the second experiment
decreases the waiting time in the queues of the workcenters so decreases the
lead time of the jobs.

Short lead time and waiting time decreases the number of waiting jobs in the
shop floor, i.e. work in process inventory. This also decreases the flow time
of the job floor. We can see this result in figure 5.27 where the second
experiment results in nearly zero work in process inventory while the main
experiment results in higher work in process inventory.

We can also see the results as a summary in the table 5.35 which shows the
comparison of the results of the sensivity analysis due to a change in job
arrival pattern the results of the main experiment as a percentage.
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