
SIMULÀTION OF SCHEDULING RULES IN A FLEXTBLE

MANUFÀCTURING SYSTEM

by

GURMIT KAUR AULÀKH

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfillment of the Requirements

for the Degree of

MÀSTER OF SC] ENCE

Department of Mechanical Engineer ing
I ndustr iaI Engineering Program

University of Mani toba
Winnipeg, Man i toba

(c ) August , 1989



SIMULATION OF SCHEDULING RULES IN A FLEXIBLE

I'ÍANUFACTURING SYSTEM

BY

GURMIT KAUR AULAKH

A rhesis submitted to the Faculty of Graduate Studjes of
the University of Marìjtoba in partial fulfillment of the requirenrents
of the degree of

}fASTER OF SC IENCE

o 1989

Pernrissio¡r has been grarrted ro tlìe LIBRARy OF THE UNIVER-
SITY OF MANITOBA ro leDd or sell copies of rhis thesis. to
tJre NATIONAL L¡BRARy OF CANADA to microfilnr this
tlìesis arìd to letìd or sell copies of the film, and UNIVERSITy
Nf ICROFILIvf S to publish an abst¡act of this thesis.

The author reserves otlter publicatiorr rights, and neither the
th!'sis nor extensive extr¡cts front it may be printed or other-
wise reproduced without the autlìor's written pernrission.



l*ß National L¡brary
of Canada

Canadian Theses Service

Otlawa, Canada
Kl A ON4

Bibliothèque nationale
du Canada

Service des thèses cânad¡ennes

The author has granted an irrevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substantìal extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

rsBN 0-315*54934_3

L'auteur a accordé une licence irrévocable et
non exclusive permettant à la Bibliothèque
nationale du Canada de reproduire, prêter,
distribuer ou vendre des copies de sa thèse
de quelque man¡ère et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thèse à la disposition des personnes
intéressées.

L'auteur conserve la propriété du droit d'auteur
qu¡ protège sa thèse. Ni la thèse ni des extraits
substantiels de celle-ci -ne doivent être
imprimés ou autrement reproduits sans son
autorisation.

Canadä



ACKNOWLEDGEMENT

The author \,¡ishes to express her deep sense of
gratitude to Dr. Àndrew Kusiak, professor and Chairman,

Department of Industriaf and Management Engineering, The

University of Iowa, Iowa City and Prof. O. Hawaleshka,

Department of Industrial Engineering, for their guidance,

advice, and encouragement during the course of this work.

The author r¡ould also like to express her indebtedness to
her family, especially to her brother Malkiat S. Àulakh

vhose unselfish sacrifices made it aLl possible.

- Ll -



AB STRÀCT

In this thesis, an information-based scheduting rule is
developed. À GPSS simulation model is developed to compare

the performance of the rule with that of the some existing
scheduLing rules using alternaLe machines in a ftexible
manufacturing environment; the performance measure being

mean flow time of the jobs processed in the system, The

ruLe is illustrated with a numerical example and also
applied to a coupLe of problems from the Iiterature,
Simulation results obtained show that the combination of

information-based scheduling rule and the rule which is
the difference of two other rules (i.e. of the most

imminen! due time and least processing done) is a clear
winner in minimizing the mean flow time of the jobs under

certain we I1 def i.ned condit ions.
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Chapter I

T NTROÐUCTI ON

À Flexible Manufacturing System ( FMS ) .is a production

system consisting of numerically controlled machines

linked by a computer controlled automated material
handling system. The necessary tools are stored at the

rnachines or transferred to them from a central store. The

machines are programmed to sel-ect the toot from those

stored at the machine as required. The basic objective of

the flexible manufacturing system is to achieve the

efficiency and utilization levels of mass production,

while reLaining the flexibility of manually operated job

shops. The individual machines are quite versatile and

capable of performing many different types of operations
(Stecke and Solberg 1981). The term "flexible" is coined

to these systems because of three reasons:
(i) the ability to perform a variety of operations on

a workpiece;

(ii) t.he ability to produce a variety of parts by a
simple change of software;

(iii) the ability to respond flexibility to unforeseen events,

such as nachine breakdown and temporary overloads, by

using alternate rout ings.

-'1-



Brolrne et aI. ( 1984 ) and Kusiak ( 1985 ) have described

in detail different types of flexibility. various levels
of flexibility enabl-es an FMS to produce different sets of
part types economically, quickly, in several different
ways and and at different production Levels. Due to lhe

flexibility, the main advantages offered by a flexible
manufacturing system reported in the literature are:

1 . High machine utilization,
2. Reduced set up time,

3. Reduced work-in-process and production cycLe time,
4. Ability to operate more hours,

5. Reduced manpower requirement,

6. High product quality,
7. Improved responsiveness to changing production

requ i rement,

8. Possible continuation of production even in the

case of machine breakdown, since the system can

handle down-graded control modes,

9. Long economic life due to system fLexibility,
10. Shorter delivery times.

For a detailed discussion of the advantages, the reader

is referred to Edward (1983).

Ðespite the above given advantages, the flexibility in

an FMS has provided new and unique problems in the area of

design, planning, scheduling, and control of a FIexible

-2-



Manufacturing System (FMS) (Stecke 1984) . This thesis
concentrates on lhe scheduling probLem in an FMS.

t.t THE SCHEDULING PROBLEM IN FMS

Once the system has been set up during the planning

stage, the EMS scheduling problem deals sith the real time

control of the running of an FMS. The scheduling problem

in Flexible Manufacturing Systems (FMSs) arises from the

complexity and uncertainty associated vith f l-exible
manufacturing environments. The scheduling problem can be

described as foLlows: given n jobs (parts) and m

machines/workcenters, determining the optimal soLution to
allocate the n jobs over t ime to the m

machines/workcenters. Various common objectives have been:

to minimize mean fLow time, minimize makespan, minimize

lateness, or to minimize the number of tardy jobs.

OBJECTI VE

The objective of this thesis is to minimize the mean

f Lo¡v time ( or maximize throughput ) of the parts
processed in a Flexible Manufacturing System using

alternate machines. Mean f lor,¡ time is the average time a

part spends in the system before reaching completion. The

proposal for improving the mean flow time of parts in the

system is to consider information of operations in making

scheduling decisions. In this thesis, a heuristic

1.2



scheduling rule is developed that minimizes the mean flow

time of the parts using âl-ternaLe machines in the system,

The rule is based on an information-theoretic approach.

1.3 ORGÀNIZÀTION OF THE THESIS

The thesis is organised as f oLlor{s:

Chapter 2 reviev¡s the approaches developed in the

literature to soLve the scheduLing problem of FMS. À brief
introduction of the simulation tool GPSS is also given in
the same chapter. The information-based scheduling ruLe,

the model, its structure and features are explored in

chapter 3. The chapter four analyzing the results for
Èhree problems shown both in tabufar form and SÀS Bar

Graphs, evaluates the selected scheduling ru1es. Finally,
conclusions are drasn in chapter 5.



Chapter I I

LITERATURE REVI EW

The problem of scheduling and conlrolling the flow of
work in modern manufacturing systems has received

important attention in industrial engineering. This

chapter provides a revieÌ,, of the approaches developed in

the Iiterature to solve the scheduling and sequencing

problem of FlexibIe Manufacturing Systems (FMSs). These

approaches may be classified into three categories:
Ànalytical Approach, Artificial Intelligence Àpproach, and

Simulation Àpproach.

The plan of this chapter is as follows. Section one

presents lhe analytical approach using four different
kinds of formuLation, namely, the network analysis,
hierarchical approach, integer pogramming approach, and

alternate routing combination approach. In section two,

the artificial intelligence approach is explored where two

basic formulations, the rule-based and the

pattern-directed approaches are presented. In the third
section, the simulation approach using scheduling rules
which is the concentration of this thesis is discussed. In

the section that follow, the simulation approach using

scheduling rules introduces the GPSS simulation



programming too1. FinalIy, section five introduces and

reviews the application of the informa!ion-theoretic
approach in manufacturing.

)1 ANALYTICAL APPROACH

Management science has attempted to use analytical
approaches as a way of providing optimal solutions to the
job-shop scheduling problem. Unfortunatety, such

approaches, while t.heoretically vaIid, are useless on a

more practical Level-. The scheduling of f lexibl-e, dynamic

environments is a member of a class of problems whose

optimal solutions are too complex to be lractable (Ner,¡man

1988). However, they are powerful and can be used for
initial- approximate results and for providing optimal

solut ions for spec ial cases of real- size problems.

Different analytical approaches have been proposed by

di fferent authors. They are:

- Netr¡or k Analys i s

- HierarchicaL Àpproach

- Integer Programming Approach

- Alternate Routing Combination Approach

2.1.1 Netr,¡ork Ànalvsis

Network formulations reere the first considered in
schedulíng modeling. In particular the popularity won

PERT and CPM techniques during the 1960s has made them

-6-
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primary ones for some !ime, NetÞ¡ork methods can be applied
for scheduling in advance but are not usefuf for dynamic

scheduJ-ing due to the constantly changing precedence

net!¡ork.

In the netÌ1'ork f ormulation, a FIex ible Manufac tur i ng

System (FMS) can be viewed as a net!¡ork in which the

multiple-tool--carrying machines are represented by nodes,

and arcs between nodes represent routes for perforning

operations on the parts. Since there are queues of parls
building up in front of nodes, lhe network is more

precisely termed as the netr,Jork of queues (Sarin and

Dar-El 1 984 ) .

À mathenatical programming model based on the network

flow analysis is given by Kimemia and cershwin ( 1979 ).
They seek to determine the flow of different parts on arcs

so as bo maximize the production rate of parts which flow

through the machines in a prèdeternined part mix. The

approach considers âggregate flow of parts between nodes

and not the individual movenents of parts through the

machines. The pattern used to schedule parts to machines

is first come first served. The variables and parameters

t+hich they include are:

S = Strâtegies to produce part type n
n

Operation time for the kth operation for part type n

on machine fn

nmk



d = Fraction of total production for part
n

type n

X = FIow rate of part type n to machine m
nmk

for operation k

Y = FIo!¡ rate of part type n on arc j
nj

I(x,Y) = ¡ S(x) + E E t y
m t.n jn

jj

= Àverage nurnber of parts in the system

¡,¡he r e i

q (X) = Average queue length at machine m
m

t = time to move along arc j
J

Mathematical f ormulation

Obiective function

Maximize Z X (1)
n n11

Constraints

Product ion rat io constraint

;x
m nm1

= c n = 1r2r-------rN (2)
tX n
nm nm1

-8-



I nput = output

t¿!-¿2 I

n n j' n
j j'

each node

= 1 ,2 ,------- ,Jl (3)

Machine capac i ty constraint
E t X S 1 m = 1,2,-------,M
nk nmk nmk

Work*in-process constraint
I(x,Y) s c

capac i ty constraint
< â ; = 1 ) ------- ì.J - | )-,j
l

(4)

Arc

¿Y
n

(5)

(6)

Nonnegativity constraints
X , Y > 0 for every nrmrk, and j
nmk nj

(7)

The problem is a nonlinear problem which can be solved

using an augmented Lagrangian method in combination t¡ith
Dantzing-Wo).fe decomposition and gives optimal plans for
routing parts to maximize production output ( Sarin and

Dar-El 1984 ).

Nof et al . ( 1 980 ) proposed a network approach to
scheduling automatic manufacturing systems. They present

an EvaLuation-Net ( e-¡let) approach, a net\,rork knowledge

represention. Of particuLar interest in E-Nets are the

"resolution nodes, " which define network positions at

-9-



r,¡hich decisions are required.
general conceptual di scussi on of

schedul i ng probJ.em and suggests

PeLri-Nets ( s-Nets ) for decision

Their paper provides a

the FMS pLanning and

the use of modified

making.

Finke and Kusiak ( 1985) formuLated the scheduJ-ing

problem for flexible manufacturing modules and cells with
seque nc e -dependèn t changeover costs as a two commodity

network flow problem and solved by a branch and bound

aJ.gorithm. Moreover, Kusiak (1983) has also reported some

formulations of the FMS loading problem wiLh algorithms to
solve t hem.

2.1 .2 Hierarchical Approach

Most manufacturing systems are large and complex. It is
natural, therefore, to divide the control into a hierarchy
consisting of a number of different levels. À multilevel
approach for real-time control of FMS is proposed by

Hildebrandt and Suri (1980) for application to Iarge-scale
systems. The problem is to determine how to schedule a

given set of parts at failure-prone machines to minimize

total compJ.etion time.

The problen is divided into three stages of decision
making. At stage one , the problen is to determine the

aggregaLe f Ior¡ of parts through machines during the

machine-failure conditions. The machines and pallets are

10 -



considered as critical resources. The f oJ-lowing notation

is used for the formulation of stage one problem.

I Set of system failure states

N Set of different parts

R Set of routes parts can take through the system
ni

during lhe system state i, n e N , i e I
N Total number of parts n to be produced

n

P Fraction of total time the system spends
1

on state i
T Completion time for all parts

f Average number of pallets for route r of
nri

part n during stale i
t Àverage time of part n , using route r, on

nrm

machine m

F Maximum number of pallets in the sysbem.

F Maximum number of pallets available for

part n.

The objective function and constraints based on above

variables are following

Minimize T (8)

- 11 -



s.t,
Processing time requirement

ST
¿ P ¿ lf / z L (f ,r)licI i rcR nri n nrm

ni

PaIlet availability for each part type

Ef SF for every n and i (i0)
r nri n

Pallet availability in the system

¿Zf sF for every i (11)
n r nri

Nonnegat ivi ty constraints
f. , T > 0 for every n, r, and i (12)
nri

The procedure for determining nonlinear function e (f,t)
nrm

using mean val.ue analysis is given by Hildebrandt (1980).

The stage two problem using a dynamic programming

procedure determines when the allocated work during each

failure period is to be performed. The stage three problem

resoLving short-time conflicts for resources to minimize

the average delay of tasks is very detailed and difficult
to formulate. It is, therfore, handled in real-time as the

system evolves by using interactive dispatching rules.

(9)

-12-



The study by Kimemia and cershwin (1983) dètermines the

scheduLed times for part dispatch based on current process

f l-ow rates. The method for f 1or,¡ rate caLculabion and

dispatching policies is based on optimal- control poJ_icies

which are feasible for onJ.y small problems, ( The example

solved in their paper is only a 2-product, 2-machine

problem). By using an estimate of the optimal policy
function, they increase the feasible size of the problem

which can be handled.

I nteqer Proqramminq

Intèger programming also called mathemati.cal

programming is a technique for optimizing a function
subject Lo constraints upon the independenL variables. In

scheduling we wish to optimize a performance measure

subject to technological constraints on the aIlowable
processing order. Some probÌems are formulated into
integer programming and solved by branch and bound with
the bounds based upon general integer programming theory.

Hitz (1979) developed a mathemat icâI programming

formulation for scheduling in flexible manufacturing

system (FMS). His periodic release strategy was explored

in Erschler et aI. (1984). Stecke (1983) presented a 0-1

nonlinear mixed integer programming (l¿tp) formulation to
address the grouping and loading problems in FMS . To

solve these problems she deveJ.oped several linearization
methods.

- 13 -



An int.eger programming formulation for the real time

scheduling of parts in FMS is proposed by Chang and

SuL l i van (1984 ).

Notat i on

The following notation for indices, parameters, and

decision variabLes is introduced in their study for the

mathematical f ormulation.

Subsc r ipt s

Opera!ion indices k, k , and k

Part indices n, n , and n
12

Machine indices m, m , and m
12

Parameter s

t = Processing time of operation k of part n
nmk

on machine m

t<(n) = Last operation of part n

d = Transit time from nachine m to machine m
mm 1 2
12

0 = A large positve number

S = Start tíme of operation k of part n
nmk

on machine m

T = Finish time of operation k of part n
nmk

on machine m

- t4 -



Decision va r iabl es

R = 1 If operation k of par! n requires
nmk

machine m

0, Otherwise

X = 1 If operat.ion k of part n is assigned
nmmk

1 2 to m , and operation k+1 is assigned
'1

to m
2

0 , Otherw i se

Y = 1 If operation k of part n precedes k
nkmnk 1 1 2
11 22 ofn on machine m

2

0 , Othe rw i se

Mathemat icaL formulat ion

The problem is to determine X'S, S's, and y's to:

Minimize I E T (13)
mn nmk

n

tr.L.

EX -;X =0m nmmk m nmm k+1
1 12 1 21

for all m, n, and k except for k= K(n) (14)

t R S > E R (S + t + X d x )
m nmk nmk m nmk nmk nmkm mm nmmk

1 1 1 212 12
for all n and k (15)

- t5 -



+Q ( 1

nmk nkmnk
2 2 11 22

for all m, n , n , k (16)

Equation ( 13 ) corresponds to the objective of

minimizi.ng the total cycle time of alI parts. Constraint
(14) ensures that operation k+1 must be assigned to
machine m and the constraint represented by (15) sho!¡s that

2
the sum of starting times of each operation of each part

on all machines is at least equal to Lhe sum of st.art
times, duration times of that operation on machine m , and

1

transport time from machine m to m , Finatly, constraint
12

( 16) specifies that no rnore than one operation
performed by a machine at a given time, To solve

problem they proposed a two-phase aJ.gorithm,

Alternate Routinq Combination (¡RC) ¡pproach

In scheduS.ing of FMS, nost of the researchers have

considered only the fLexibility that pertains to
performing an operation on aLternate machines . ÀctuaIIy,
there are three other levels of fLexibility, namely, part

mix fLexibilityroperation set flexibility, and operation

sequencing flexibility (Sarin and Ðar-EI 1984). A

generalized concept of flexibitity in the context of FMS

is described in Sarin and Dar-81 (1984).

) >t
nmk

, and k
2

1S

the

16 -



Considering these four IeveIs of f l-exibility, Sarin and

Dar-El (1984) developed an approach for FMS scheduling in
¡,¡hich each of the alternate ways of performing operations

on part lead to an alternate routing combination (ÀRC),

They proposed a heuristic algorithm to solve it.

The first step of the approach is to determine optimal

ÀRCs to perform operations on a set of parts among the

parts dedicated for FMS scheduling. The second step is to
formulate the real time scheduLing in FMS using these

optimal ARCs in order to maximize machine utilization, The

notation used i.n their formulation is following:

Variables

x=1,rf.thekth
jakmm"t

ÀRC of job

machine m"

= 0, othe rw i se .

= 1 , If the ARC

operation of the ath

j starts at tirne t on

after coming from machine m.

a of job j is selected
la

for processing.

= 0 , other\,rise.

Pa rameter s

T

n
j

j

Target finish time of jobs.

Number of operations required for job j.

Number of ÀRCs corresponding to

job j.



Transport time from machine m to m".
mm"

P = Processing time of operation k of
jak

job j for ARC a.

O = À large positive number.

N = À set of parts available at the

start of the planning period.

The general f ormul-ation of the problem is stated as f o11or.¡s,

Minimize NT - E X ttx Z (17)
j aeA t jan mm"t ja

jj

subject to:
E z = 1 , i = 1,2,------,N (18)

aeÀ. ja
l

t I r.x z >
aeÀ.t jak+1mm"t ja

l
t E t.x z + z z P

aeÀ .t jakmm"t ja aeA. ja jak
))

+Ð Eg X Z

aêÀ.t mm" jak+1mm"t ja
)

j = 1r2r------rN , k = 1¡2¡------rD (19)

E U ¡x z <1
j aeÀ k jakmrn"t ja

j

m" = 1,2r------ rfi , t = 0r------rT

- 18 -
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j
+ (1-t x

ja aeÀ 
. 
jakmm"t

l

)0 >
jakmm"t la

I E E t (1 + p )x zj' *j aeÀ 
. 
k l<t j'ak'mm" jak'mm"J. ja

l
m" = 1 12r------- rñ , k = 1 r2 r------- rn

= 0r1r-------rT , i = 1,2,-------rN (21 )

The objective function represented by (17) minimizes

the totaL machine idle time (or maximizes machine

utilization). Constraint ( l8) ensures that only one ÀRC

for a job j wouJ.d be selected. The beginning of a next

operation after the completion of the previous operation

of a job including travel time between machines is
represented by constraint (19). Constraints (20) and (21)

represent the assignment of at most one operation to a

machine at a given time and machine availability
respect ive1y.

In addition to the analytical approaches discussed so

far, Kusiak (1986) presented a heuristic scheduling

algorithm for a flexible manufacturing system where the

system is considered as a two part system: 1) fLexible
machining system and 2) assembly system. Considering the

FMS scheduling probJ.en as a multicriteria problem (Kusiak,

1985) involving scheduling of parts, palLets and fixtures,
too1s, and material handling systen, he decomposed the
problem into two subproblems. The level one problem

- 19 -



scheduling jobs is solved by a heuristic algorithm and

level two problem soLved by the Johnson' s algor i thm,

schedules the assembled products while minimizing the

product assembly and product machining makespan.

)) ARTI FI CIÀL TNTELLIGENCE APPROÀCH

Artficial Intelligence (af ) is a branch of computer

science which tries to get computers to make decisions

like human beings. Expert Systems, one aspect of AI , have

been successively deveJ.oped in a variety of areas such as

medical diagnosis, chemical compound identification,
generative process planning, fault diagnosis etc.

The ability of expert systems to assimilate Iârge

chunks of information, suilabJ.y reformulate problem

conditions, effective and efficient solution finding
methodology and the pseudoability to reason makes Lhem

ideal and potential candidates to solve some of the

problems in the scheduling area.

The idea of using expert systems in scheduling is to
provide a computerized scheduler that has the knowledge

and understanding of qualitatíve measures ¡,¡hich the human

scheduler possesses. An ideal expert system

( kn or+ledge -ba sed system) consists of three components: a

database, a knowledge base, and an inference engine.
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The Database stores decLarative knowledge about the

goaLs, the current situation of the world, and the

semi-finished goaI. The Knowledge Base is the information
porlion of an expert system, It contains both facts and

rufes that can be used in arriving at a solution. FinalIy,
the lnference Engine (sometimes called the Inference

Mechanism) is the part of an expert system that selects

and executes rules.

The major approaches to the design of expert scheduling

sysfems are:

- the rule-driven approach and

- t.he pattern-directed approach

2.2.1 Rule-Driven Approach

The rule-driven approach is made up a collection of

IF-THEN heuristic rul-es which contain facts or assertions
about the problem. The Intelligent Scheduling and

Information System (ISIS) (Fox et aI . 1982) represents the

f i rst large scale schedul ing system for a job-shop

environment. ISIS is described later by Fox and Smith

(1984) as a knowledge-based decision support system for
factory schedul ing.

A unique feature of the ISIS system is to consider a

variety of constraints simultaneously which ensures that
an operation is not begun until alL required resources are
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availabLe. In addition, the system is also able to select
which machines are to be used to perform a given

operation. The embedded inference engine uses a heuristic
search procedure for generating alternate schedules. The

search procedure described as a Beam Search procedure is
discussed in Ow and Morton (1985).

Kusiak (1987b) proposed two new artficial intelligence
based approaches, namely ¡ the Goal-based Àpproach and the

Model-based Àpproach, to designing expert scheduling

systems in a flexible manufacturing system (FMS). Given

the goal schedule, the objective of the Goal-based

approach is to schedul-e resources such as parts, tools,
machines, fixtures and pallets to minimize the deviaLion

betv¡eèn the goal schedule and thè current schedule subject

to some resources availabiLiLy and precedence constraints.

Àpplication of an expert system for the generation of
the solution for a scheduling problem is shown in Figure f

(xusiak 1988 ) .
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GoaI sc hedul e

Current schedule

Pa raneters

Figure 1: Àpplication of an expert system for FMS
sc hedul ing

The goal schedul.e generâted by the scheduling algorithm is
evaluated by the expert system to generate the current
production schedule. As a result of this evaluation the

expert system provides the model soJ.ved by the algorithm
with modified constraints or neh' set of parameters.

The Model-based approach for rule-based system is based

on the sing).e-modeI (Figure 2) and multi-model (Figure 3)

tandem archiLecture proposed by Kusiak (1987a). RuLes use

input data to establ-ish, correct the model by generating a

ne!¡ se! of data, and select a new model in the case of the

multi -model tandem architecture.

Expe rt
system
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Figure 2: À stand-alone expert sysLem (Kusiak 1997a)

Figure 3: À tandem-mode expert sysbem (Kusiak 1997a)

EXPERT SYSTEM

PROBLEH ENVIRONMENT
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The tandem architecture handles artificial inteIJ-igence

as weLf as optimization approach ¡,¡hereas an ordinary
expert system called a stand-aLone expert system (xusiak

1987a) handles only artficial intelJ.igence techniques. A

unigue feature of the tandem architecture (multi-modet) is
that the syslem selects the most appropriate model and

then the expert system generates the required data. The

expert system evaluates the solution generated by the

al-gorithm. ln case of no good solution it changes the

model and the whoLe process is repealed.

2,2.2 Paltern-di rected Aporoach

Shaw (1986) developed a pattern-directed approach to
FMS scheduling in order to handle the dynamically changing

environment and interactions between manufacturing

processes. Within the pattern-directed scheduling

f ramer¿ork, the manufacturing process corresponding t.o each

job is modeled by staLe-changing transformations,
represented by operators, Since operators change one state
to anothèr, they can be considered as functions whose

domain (input) and range (output) are the set of states.
Readers interested in more information of pattern-directed

are referred to Hayes-Roth and Waterman (1978).

The approach is designed to fulfill the objective of

minimizing the total completion time (makespan) of the
jobs, À goal directed, nonlinear planning scheme developed
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in artificial intelligence is
manufacturing plan for each par!.
steps of the scheme are:
plan-revision,

appJ.ied to generate a

The t$¿o most important

plan generat ion and

In the plan generation step, the inference engine caIls
upon a backward chaining procedure to search for the best

planning steps in constructing the manufacturing plan for
each part. In searching for applicable operators, a search

procedure similar to the À* algorithm (Hart et aI. 1968)

(pear1 1983) calls for an evaLuation function f(n) = g(n)

+ h(n).

Where:

g(n) = Cumulative processing time.

h(n) = The sum of shortêst processing Èimes for
the rernaining ope rat i ons.

The objective of the algorithm is to mininize the function
f (n) to obtain an optimal p1an.

After constructing a plan for each job, the next step

is to identify conflicting interactions bet¡,reen jobs and

to form precedence constraints to avoid these scheduling

conflicts. The basic principle for establishing
constraints is not to impose any constraint unless it is
absoLutely necessary, so that the makespan is minimized.

The next step is to put the corresponding operator on a

Iis! called Alternate-Iist (Shavr 1986).
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FinalJ,y, the plan revision procedure is used to improve

the makespan as much as possible. The plan-revision
procedure is described as f olIor,¡s:

Step 1. Select the first operator on the

Àlternate-list and identify the corresponding

resource.

Identify if consecutive operators in a subschedule

share the same resource and call that section

a critical section.

Check if any alternate idle resource can reduce

the waiting time. If not, exit with failure.
Otherwise, go to step 4.

Identify Lhe initial and the goal conditions

of the critical section found in step 2.

Transform the initial conditions to the goal

conditions using a forward chaining procedure.

Replace the critical section of subschedule

with the new plan generated from step 5.

Step 2.

Step 3.

Sharv (1988) also presented an integration approach to
the FMS scheduling problem. This approach takes advantage

of pattern-directed technique and heuristic search

techníque. The heuristic search procedure allows

incorporation of heuristic knowledge to expedite the

scheduling process and transforms the scheduling process

into a graph search procedure guided by a heuristic
function f (n) = g(n) + h(n) exptained earLier. He also

Step 4.

Step 5.

Step 6.
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proposed that a scheduling problem should be decomposed

into subproblems to overcome the complexity of the

searching procedure. The heuristic search procedure calted
an Operator-Search procedure (Shaw 1988) is applied to
each subproblem to generate a schedule. Then the nonl-inear

pLanning algorithm, as explained earlier, is appLied to
establish constraints and the pLan-revision technique to
improve lhe makespan as much as possible.

2.3 SIMULÀTION APPROÀCH

Simulation can be defined as a procedure in which

experiments are performed on a model of a system in order

to determine ho¡v the system would respond to changes

either in its structure or in its environment. Simulation
modelling is the technique of building a computer model of

a system so that its behavior may be studied without the

need for building, disrupting the operation of, or

destroying the reaL sy st em.

Simulation is widely used in industry to determine t.he

effectiveness of proposed scheduling strategies. Discrete
simulation methods typically empLoy dispatch rule Iogic.
Simulation enables the user to determine in advance which

rules should be used in order to achieve desired changes

in operating conditions (Me1nyk et al. 1985). The

material presented in the next subsection gives an idea of

scheduling rules and how they are evaluated by simulation
resuLts.
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2,3.1 Usinq Schedulinq Rules

This is the most practicaì. approach to schedul-ing parts

to machines because of the simplicity of its
implementation. In the scheduling literature, terms such

as scheduling ruIe, dispatching ruJ.e, priority ruLe,

heuristic are often used synonymously.

Many of the optimal and heuristic algorithms are

discussed in Baker (1974) and French (1982). panwalker

and Iskander (1977 ) in their survey of scheduling rules
present a summary of 113 such rules and cross-index them

with 36 references. The study environment, the performance

criteria, and the rules used in each of the references are

stated. This survey might be useful for the reader l¡ho is
interested in knowing more about the rules used and the

environment in which they have been used. Ho¡,¡ever, some

well-known rules tested in the literature are discussed in
the paragraphs that folIow next paragraph.

Scheduling rules play a very important role in

seLecting t.he part type to be machined. When a priority
scheduling rule is applied at a machine, all of the part,s

that are waiting to be processed at that machine are

ranked according to a priority i.ndex assigned by the

scheduling rule. Thus, the part having the highest

scheduling priority is assigned to the machine when it
becomes available to process another part. A typical
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objective in applying scheduling rules is to minimize the

mean flow times, minimize makespan, minimize lateness or

to minimize the number of tardy jobs (Co et a1. 1988).

The objective of this thesis is to minimize the mean

flow !ime of the par!s processed in the fLexible
manufacturing system (FMS). Since the scheduling problem

in FMS is like that of a dynamic job shop (Sarin, Ðar-EI ,

1984), some of these rules have been applied to FMSs. They

include, f irst-come first-served (FCFS), shortest
processing time (sPT), longest processing time (LpT),

fewest operations remaining (FOPR), most operations

remaining (MOPR), shortest remaining processing time
(snpt), longest remaining processing time (LRPT), Least

total work content (TPT), and due date ru1es, such as the

most immínent due time (MDT), least slack (LS), and least
slack per operation. Most scheduJ.ing rules have been

evaluated by computer simulation resuLts under certain
assumptions of running the simulation modet.

The first-come first-served rule is considered to be

the most equitable procedure, since it gives the highest
priority to the part which has been in the system the

longest. In most cases this rule has performed worst. But,

according to WilIiam (1972) , this rule results in a small

manufacturing cycle time variance, since all parts wait

approximately the same Length of tine to be processed at
individual machi ne s.
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The shortest processing time (SpT) rule assigns

priority on the basis of operation duration. The part
reguiring the l-east machine time receives the highest

scheduling priority. The rule has been tested extensiveì.y

in job shop scheduJ.ing and flexible manufacturing systems

and has been shown to be effective in most cases, This

rule results in a short average manufacturing cycle time,
a Low level of work-in-process, and high machine

utilization. À disadvantage of this rule is thaL parts
with a large operation time can be delayed for very long

times waiting for the machine. This happens if parts with
shorter operation times keep arriving at the machine

before the bigger parts can capture it.

The rule opposite to SPT is the longest processing time
(LPT). This rule, selecting the job with the largest
operation tirne, of course has never been shown to be the

best, but it proves to perform as well as the other rules
in some cases. O'Gorman et al, (1986) have proved it.

The fesest operations remaining (FOPR) and the most

operations remaining (¡aOpn) rules assign highest priority
index to the part that has fewest and most operations
remaining respectively. There are rare cases where they

are tested in modern nanufacturing systems but do not

perform weJ.l. A good example is by Stecke and Solberg
(1981).
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The shortest remaining processing time (SRPT) rule

derived from the SPT concep! is based upon the fact that
perhaps one shouLd concentrate on finishing some jobs

first in the hope thal the later jobs may be speeded

through a less clultered system. It selects the part with
the J-east processing time for all operations not yet

performed. The longest remaining processing time (fRpf)

stems from the contrary notion that it may be best not t.o

get too far behind on a particular job, assigns opposite

priority to the part to be processed next,

According to the least total work content (TpT) rule,
first scheduling priority is given to the part with the

Ieast Lotal processing time for all operations. This rule
has not bèen tested very often. However, it has been

tested indirectly in Stecke and Solberg (1981) and

directly in Co et al. (1988).

Regarding due date, the most imminent due tine (MDT)

rule is established on the basis of the total work content
(tpr) and computèd by the following relationship

MDT = K*TPT + Àrrival time in the system

where, K is a safety factor

the system.

to account for congestion in



The slack rule, abbreviated LS gives first priority to
the part which has the least slack time, where slack is
the difference of the most imminent due time and the

amount of manufacturing time to complete the part. Another

rule derived from two other rules, the slack and remaining

number of operations, is the slack per operation.
Àccording to this discipline, whichever waiting part has

the least slack per operation is the part which gets the

machine next,

Stecke (1978) investigated a number of scheduling rules
using the simulation model developed by Mayer and Talavage

(1976). She compared several rules that have been used in
studies of the conventional job shop including SpT, LpT,

and others that are related to unique features of the

particular FMS on shich her study was based. Her work did
indicate that rules based on SPT favorabì.y affect the

performance of an FMS, just as they do in convenfional, job

shops.

Next, Stecke and Solberg ( 1981 ) applied sixteen
priority rules for scheduling a real flexible
manufacturing syslem. Theír simulation results indicated
that a priority rule which is based on scheduling a next

part with the smal-Iest râtio obtained by dividing the

shortest processing time for the operation by the total
processing time (SPT/TPT) for the part produced results
superior to those of the other priority ru1es, such as
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SPT, LPT, FOPR, MOPR, SRPT,

pr ior i ty rules.
LRPT, and other related

Carrie and Petsopoulos (1985) reported the results of
simuLation experiments to assess the dependence of the

system's performance on the sequence in which jobs were

Launched and pointed out lhat none made any noticeabÌe

difference. They concluded that this was due to two

factors.

Fistly, the operation sequences require parts to return
to the load/unload area and the machines several times

during processing, so that very soon after launching parts
the initial priorities have l-ittIe influence on the
progress of parts.

Second reason !¡as due to limited fixture avaitability.
Since loading of subsequent parts depends on fixtures
being released by previous parts of the same type, rather
than by some externally determined priority.

Àcree and Smith ( 1985) investigated effects and

interâctions of three types of scheduling rules on FMS

performance. The rules included part scheduling, tool
scheduling, and cart scheduling. The par! schedul,ing

rules on the machines include first-come first-served
(nC¡'s), shortest processing time (spT), longest processing

time (rpt), ênd the first fit decreasing (nno). The last
rule FFD has been selected from the computer science
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literature. À simulation model for the FMS was developed

and wriLten in SLÀM lI to test scheduJ,ing rules to

determine which gave the best results for a given

performance criteria, The statistical Mann-Whitney test
was used to test the simulation resuÌls and concluded that
due to the avaiLability of locaJ- storage at the machines

the system performance measure (machine utilization) was

insensitive to the part scheduling rules.

O'Gorman et al, (1986) experimented with four

schedul i ng rules for a three machine f lex ible
manufacturing system using the SLÀM I I simulation

language. The rul,es which are tested include Johnson's

algorithm, shortest processing time (spT), longest

processing time (LPT), and first-come first-served (FCFS).

Johnson's algorithrn determining the processing sequence of
jobs in order to minimize the total throughput time gives

an optimal solution by following a simple set of rules.
Fron the simulation results, they concLuded that alI three

rules, such as SPT, LPT, and FCFS performed as well as

Johnson ' s algorithm.

Denzler and Boe (1987) divided par! scheduling rules
into two categor ies:

- Order file oriented loading rules

- System status oriented loading rules
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An order file oriented loading rule considers only

characteristics of parts in the order file. The rules
selected for their purpose include shortest total
processing time (TPT), smallest proportion of part

reguirement (SPJL), and Stecke and SoLberg's (1981) best

rule (spr/rpr).

Àlternatively, a system status oriented rule considers

the status of the machines in the FMS and orders parts

into an FMS so that high util-ization of machines or the

pallet fixtures can be achieved. The system stabus based

rules tested in their investigation are: reload each

palJ.et with a like product (NEP), Ioad the first empty

machine (FEM), and load machine Ì¡ith highest machine

utilization first (HPEM).

The resuLts obtained from their deterministic
simulation model indicated that' the SJPL and the NEp rules
performed significantly better than the other part

scheduling rules (or the SJPL and the NEP rules performed

equally r,¡e11) .

Recently, Co et a1. (1988) investigated the sensitivity
of five scheduling ru1es, namely: first-come first-served
(FCFS), shortest processing time (SPT), Ieast processing

time remaininS (Lpn), J.east totaL processing time (tpt),

and next shortest gueue length (NXOL) in siluations of

short-queue fength flexible manufacturing systems. The
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simulation model developed to evaLuate the impact of these

rules has been r+ritten in SIMAN.

To test and compare performance of the rules, the

sir¡ulation results are analyzed by using statistical
tests: Ànalysis of Variance (ÀNOVÀ) and Scheffe's multiple
comparison method. The analysis done by ANOVA test
indicated that there is no significant difference in the

five scheduling rules with respect to mean f l-ow time. The

Scheffe's test to determi.ne the difference between mean

flow times for different rules sho¡,¡ed the SpT rule to be

the best ruÌe when the nunber of parts in the system is
Iess than or equal the number of workstations/machines and

when the the number of parts is greater than the number of
workstation/machines, the NXOL rule's performance was much

better than the other ru1es.

Next , Choi et al. ( 1988 ) evaluated seven part
schedui.ing ruLes in a flexible manufacturing system using

a physical simulator. Their computational resulbs showed

the SPT rule to be the besl performer in terms of the

t ot.a L throughput time (makespan).

Simulation model-s written in different languages as

descri.bed earlier in this section have been used t.o study

scheduling and dispatching policies. They also have been

used to study the performance of alternate operati.ons
(Gere 1966, WilheLm and Shin 1985), but very littLe work
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has been done to evaluate scheduling rules using alternate
operations in FMSs.

This thesis is aLso related to prior studies (cere

1966,WiIheIm and Shin 1985) , but the scheduling rule
presented in chapter 3 following the next t!¡o sections and

its performance in comparison to other rules using

alternate machines in an FMS tested experimentally by GPSS

modeling makes a big difference.

2,4 SIMULATION PROGRÀMMI NG TOOL

The block-oriented GPSS/General Purpose Simulation

System/Ianguage is the most widely used discrete-change

simulation language. It is a very high level language

which has most of its organizational structure and logic
built in.

writing a GPSS program is more or less equivalent to
constructing a GPSS model or block diagram. À block

diagran, a collection of characteristically shaped figures
(blocks) can be visualized as a system f J.ow diagram, since

it describes the activities and indicates how they are

interconnected. Moving through the sysLem are entities
that depend upon the nature of the system and each block

can be thought as a point at ¡,¡hich a subroutine can be

caIIed. The temporary entities that move through the

system are represented by transactions. Whenever a
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transaction enters a block, it causes that block to

execute its particular block-type subroutine and the

transaction then (in particular) tries to move into
another bloc k.

In GPSS, a single instruction by the programmer causes

the computer to execute a large number of machine-language

instructions. In other words, one GPSS card usualLy causes

the computer to execute one or more subrout i nes.

Therefore, GPSS programs are usually far more compact than

equivalent programs in other languages, such as FORTRÀN.

The fact that most of Lhe sequencing, cross-checking,

statistical updating, and automatic output format

specifications are built into GPSS rather than being

specified by the programmer makes it simple to use and

minimizes the opportunities for prograrnming errors.
Sel-ected output may al.so be requested and disptayed in the

form of bar graphs or histograms. cpSS also rids the

Ianguage of superfluous instructions which tend to obscure

the relationship betrveen the coded program and the modeLed

system. Thus GPSS is a very graphic language in that it
tends to look l-ike the model it represents.
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INFORMÀT] ON-THEORETIC APPROACH

lnformation theory is a branch of probability theory
r.rith extensive potential applications to communication

systems. Like several other branches of mathematics,

information theory has a physical origin. It Ì¡as initiated
by communication scientists who were studying the

statistical structure of electrical communication

equipment.

In general, when a model is statistically defined,
while there is no concrete assurance of its detailed
performance, it is possible to describe its "over-a1I" or

"average performance" in the light of its statistical
description. In other words, a search for an amount of
information is virtually a search for a statisticaL
parameter associated sith a probability scheme.

From a mathematical point of view, 1et

x ,x ,-------rx be a finite number of events and
12n

p(x ), e(x )r-------,p(x ) be their corresponding
t¿n

probabilities. Àssuming that the events occur randomly and

successive occurences are statistically independent, the

amounL of information associated l¡ith the ocurrence

of event x is defined as
k

I =-
k

whe re :

I is called the amount
k

1og P(x ) units of information
k

of self-information of event x.
k
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The average information is def ined as

log(e(x ))
k

per event

n
I = - I P(x )

t.- I

The average infornation I is also referred to as the

entropy and usually denoted by the letter H,

As Edwards (1964) has pointed out, the nomencLature of

information theory has not been standardized. Different
authors used different terms for it. Shannon (1948) who

perhaps first originated information theory caIled it
entropy. In certain applications of psychology, Garner

(1962) prefers the term 'uncertaintyr.

Moscato (1976) applied information theory in

determining the degree of part commonaJ-ity in a product

line and called it commonality. He pointed out that parts

with high commonality indicate the most broadly used parts

in the product line and parts lrith IoÌ,¡ commonal.ity can be

considered as special purpose parts and can be replaced or

eLiminated by existing parts with a higher commonality.

In other attempts, Lhe information-theoretic approach

has been applied in measuring various types of flexibility
related to manufacturing. Yao (1986) has used the average

information (entropy) to flexibility in measuring routing

flexibiJ.ity for a part where the total number of possible

routings available for the part are considered as number

of opt i ons.
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Kumar (1986) proposed information-theoretic measure of
v¡orkstation J.oading flexibiLitywhere the reJ.ationship

bet!¡een flexibility and average information (entropy) is
discussed. Flexibility of a transition probability matrix
of markovian system is defined which is used to calculate
the Loading flexibility of a stochastic flexible
manufacturing system, In the same paper, he introduced

another measure of information theory to choose the next

operation to be performed on the part through the use of
least reducLion of entropy (Yao,1986)

Next, Kumars (1987a) and Kumar (1987b) pointed out that
the various types of flexibiliLy defined in the Literature
are due to uncertainty associated ¡,¡ith manufacturing

systems and could be divided into four types of
uncertainty: the uncertainty of, input materials, output,
the manufacturing process, and the externaL environment.

Based on this belief, they presented four
information-theoret.ic measures to quantify flexibility.
They are (Kumar, V. and Kumar,

1) s (x ,x ,-------rx ) =112n

2) s (x , x ,-------rx ) =212n

3) S (x, x ,-------,x ) =

U. 1987a):

n
E x In x

ld
_ In (x x ) , a * 1

l-t 1

1-c a(1-e ) t1 - Z x l, c * 1

i
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4)

where:

S (x
4t

x 's are choices of
1

S be the measure of

1 a+ß-1 ß
In {xx /Ex},1-q i i

at ß

selec t ing the various options.

f lex i bi I i ty.

. ------- , I
2n

The first measure of flexibility is the same which has

been used as a measure of uncertainty or average

information by Shannon (1948). The second expression is
due to Renyi (1961) and approaches t.he first measure as û

tends to 1. The third measure is the same expression

which v¡as used by Havrda and Charvat (1967) and also
approaches the f i rst measure due to Shannon ( 1 948 ) . The

fourth measure of flexibility having two parameters c and

ß is due to Kapur (1986) and reduces to second rneasure for
ß=1 and to first measure f.or ß--1 and a=1 (Kumar 1987b).
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Chapter I I I

METHODOLOGY

ÀN INFORMATION-BÀSED SCHEDULING RULE

From the available l-iterature it can be seen that most

of the priority ruJ.es developed and tested by different
authors are based on processing times. But in flexible
manufacturing systems, where machines could be used to
perform alternate operations, lhere are some other factors
which could be considered for scheduJ.ing. The uncertainty
embedded in those operations which are allowed to be

performed by aÌternate machines is one of them. Alternate
machines are used only if original machines are either
busy or not avail-abl-e. Initially, it is not kno!¡n whether

a particular operation of a part will be performed by the

original machine or an alternate machine. Therefore, it is
safer to say that with every alternate rou!ing there is
associated some kind of missing information.

Based on this belief, a new scheduling rule r¿hich

handles uncertainty associated with alternate operations

in flexible manufacLuring systems is developed. It is
assumed that

a) each of the operations on machines are random, and that

b) successive operations are statistically independent.
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Mathematically, the rule which l¡iI1 be called
information-based scheduling rule (lrXr) henceforth, can

be def ined as follows:
Let

O.. be the operation j of part type i on machine k ,ijk

T be lhe processing time of operalion j for part
ijk

type i on machine k ,

P. the probability of operation O ocurring,
ijk ijk

X = 'f If operation j of part type i is assigned
ijk

to machine k ,

= 0 Othe r r,¡ i se .

such that,

MN
0 < P S 1 and E X p = 1

ijk k=1 j=1 ijk
for every i

where :

ijk MN
and T = t U X T

i.. k=1 j=1 ijk ijk

for evèry i

P=X
ijk ijk r
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Then, the amount of self-information associated v¡ith

the ocurrence of an operation O is defined as
ijk

I(sinf ) = - log p(o )
ijk ijk

= - l^^ Þ-", . 
i jn

The tocal information for all operations of part type i
is

N
I(sinf ) = - X log p

i'k j=1 ijk

The parts on the alternate machine are scheduled

and processed in ascending order of I(sinf) and on
i.k

original machine in ascending order of the difference
between parts most imminent due time and processing time

done so far. Later in the next chapter , the performance

of the combination of these two rules is compared with
that of the other scheduling rules available in the

Iiterature.

3.2 THE MODEL

The flexibLe manufacturing system to be model.ed is
descr ibed as folLovs:

1. There are n part types P, P, p ,-------, p
123n

processed in the system.
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2. The system is a netlrork of m single-server
S, S, S,-------, S stations (machines).

t¿Jm

3, There are I pallets and t tooLs available in the

system.

Parts are paLletized at loading area and transported to
machines, from one machine to the next, and from machines

performing the last operation to the unloading area by an

automated material handling cart. To perform operations on

the various parts, required tools are stored on machines

or nay come from a storage area.

The main assumptions made in the operation of the

system, are !hat:

1. Each CNC machining centre has one and only one

machine.

2. The job arrival pattern is determinístic,
3. Processing time of each operation is deterministic.
4. No preemption is allol¡ed. Once stârted, an

operation continues until completed.

5. No machine break-down.

6. A part may visit a rnachine more than once for
di f ferent operations.

7. An alternate machine is assumed to use the same

number of tools as the corresponding original
machine does.
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Transport times between machines and the

load/unload stat i on are known.

Pallet loading/unloading takes 5 minutes.

The control of the system proceeds as f ollor,¡s:

If the original machine is free , parts are processed

on first come first served basis, If the machine is not

free and no alternate machine is availabLe, then parts on

the or iginal machine are ordered according to some

priority. Otherr,¡ise, the utilizations of original and

alternate machines ¡.¡iI1 be compared. If an alternate
machine is less utiLized, then parts r,¡i11 be scheduled and

processed on that machine. Otherr,¡ise, the parts will wait
for the original machine until other parts v¡ith higher
priority arrive and which then move to the appropriate
forward posi!ion in the queue.

3.3 EXPERIMENT DES I GN

Àfter specifying the system to be studied , the next

important step is to define objectives, goaIs, and

performance criteria.

a

9.

Object ives define the rationale
They allow to set the stage for
reguired. The objective here is to

of different scheduling ru1es.

of the modelling study.

the type of exper iment

compare Èhe per formance
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Goal-s define the transactions that must take place

during the execution of the model- and describe the

conditions necessary for the simulation to end. The goals

of this study are to produce 100 to 1000 parts.

Performance criteria are tied directly to the execution

goaIs. GoaIs define when execution is compÌete;

performance criteria define how weLl the model attains the

goals to be considered successful . In other words, they

describe the 'goodness' of the execut j.on. The performance

measure of this experiment is the mean f lor¡ time of parts

i.n the system.

The data necessary for the manufacturing sysÈem are:

the part types, the operations required for their complete

production, processing time for each operation on the

original as weLL as on alternate machines, the number of
pa11ets, the number of tools, a material handling cart,
and a number of operators at the load/unload area.

Selectinq Schedul-inq Rules.

Eleven priority scheduling rules and ten combinations

of these rules are examined in this study,

The following describes the eleven scheduling

rules tested:

SPT - shortest processing time

LPT - longest processing time

t.
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3. LPÐ - least processing time done

4, MDT - most imminent due time

5. LPR - Ieast total processing time not yet done

6. TPT - least total processing time

7, SPT/TPT - shortest processing time divided by the

total processing t ime

8. EAT - first-come first-served
9. LS - least sLack

10. MDT-LPD - smallest difference between most imminent

due time and least processing done

11. LINF - least amount of total self-information

The most imminent due time (t'tor), remaining processing

time (LPR), processing done (LPD), and least slack (LS)

used in the model are calculated using aLternate operation

times. The multiplier used in the calculation of most

imminent due time is three. À11 ru1es, except rule
numbers 10 and 11, have been found in the literature. Rule

number 10 (MDT-LPD) is obtained from the other two rules
which have been existed, !¡hile rule LINF, as presented

earlier is new .

Table 1 contains a list of abbreviations and

combinations of rules applied to original and alternate
machines of the FlexibLe Manufacturing System.
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Description lomb r nat i on
of

RulesHighest pr ior i ty is given
to the part

wr th the shortest processing
t ime
with the longest processing
t ime
!¡ith the J-east processing
don e
wi th the most imminent
due time
having the least total
process ing time for aII
operations not yet performed
with the least total processing
time for aII operations
having the shortest processing
time for the operation divided
by the total processing time
for the part
¡,¡hich arr ives f i rst at the
current mach i ne

wi!h the least slack
having the smalLest difference
betlreen most imminent due time
and processing time done at
original machines and the
Ieast ammount of total
sel f information at alternate
machi nes

SPTxSPT

L PDx LPD

MDTxMDT

LPRXLPR

TPTxTPT

S PT /TPTX S PTlTPT
( Stec ke & Solberg ' s

Best RuIe )

EÀTXEAT
(Equivalent to FCFS )

LS xLS

(MDT-LPD)XLINF

TABLE 1

List of combinations of rules and abbreviations

The simulation model. to test and compare the

performance of the proposed rules with other nine most

popular rules including Slecke and Solberg's (198,f)

recommended (SPT/TPT) rule is developed in cpSS version

360. The model requiring 256K core, is run on the ÀMDÀHL

5870 mainframe computer at the University of Manitoba.
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3.4 RUNNING AND

The simulation

input and f i xed

schedul ing ruJ.es

di f ferent effects.

The time unit for
arrival , machining,

in mi nutes.

The flowchart (Figure 8), represents in general terms

the control logic and various operations that have to be

performed on the parts for compJ.ete production. The GPSS

flowchart which gives a solid understanding of the model

is shown in Figure 9 (Appendix B),

3.4.1 CorresÞondence Between Svstem Efements and GPSS
Entities

DI SCUSST ON OF' THE MOÐEL

is repeated several times using the same

number of parts each time. OnIy the

are varied in order to focus on their

model is 1 minute. That is, part

transport times are aJ.I expressed

the

and

Parts are represented by transactions and machines in

the syst.em are reprèsented by facilities.

The material. handling cart, the operator responsibLe

for loading pallets and another operator responsible for
unloading pallets at the unloading/loading area are

represented by storages. PaLlets and tools in the system

(aIso represented by storages) te11 hov many there are

available to use. The load/unload area also represented by

a storage gives information regarding the number of

load/unload stations (i.e. capacity of Ioad/unload area).
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3.4.2 Standard Numerical Àttributes (SNAS)

To f ull,y understand the model one should explain the

meaning and use of standard numerical attributes,
especially msavevaLues and parameters which have been used

most in the model.

Fullword Msavevalues.

Fullword matrix savevalues 1, 2, 4, and 5 contain
routing information and operation times on machines.

Msavevalue 3 displays information for required tools and

f ulLr,¡ord msavevalues 7 through 9 are used for transport
times information (i.e. from load/unload area to machines,

from one machine to the next, and from machines to
unLoad/load). It is important to note that since cpsS

handles only integer values, the self-information
represented by msavevaJ-ue six is muJ.tiptied by 100 to make

it integer.

Parameters.

Pl : Part type.

P2 i Total number of operations.

P3 : Generat ion Tine.

P4 : Sum of operation times aLready performed.

P5 : Sum of alL alternate operation times for the part.
P6 : Very first operation number.

P7 i For computation purposes.

PB : The most imminent due time,

P9 : Remaining processing time.

P10 : Job slac k.

-53-



P11 : Used for shortest processing time on original machine.

P12 : Shortest processing time on alternate machine,

P13 : Specify v¡hen the firs! operation began,

P14 : Machine number used to correspond to user chain number.

P15 : Longest processing time on originaJ. machine.

Pl6 : Shortest processing time divided by total processing

t ime on âlternate machine.

P17 i ÀrrivaL time at original machine.

P18 : Àrrival time at alternate machine.

P19 : TotaL self-information.
P20 i Not used.

P21 i Sum of a1J- original operation times for the part.
P22 i Not used,

P23 i First original machine.

P24 ,P25 : Original and alternate machines to compare

utilizations.
P26 i Transit time from loading area to very first original

machine.

P27 i Not used.

P28 : Transit time from load/unload to corresponding

alt.ernat.e machine (lf exists).
P29 | Not used.

P30 : Current alternate machine number used to point to

transport time from alternate to original machine.

P31 : Transport time from alternate machine to the next

original machine.

P32 i Next original machine number,

P33 : Transit time from one original machine to the
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next original machine.

P34 : Current original machine used to point to transport

time from this machine to the next.

P35 : Not used.

P36 : Next original machine number used to point to

transport time from current alternate to the

next original.
P37 : Transport time from current aLternate machine

to current originaJ- machine (Required for utilization
comparisons).

P38 : Last machine number.

P39 : Transit time from last machine to unload/load area.

P40 : Not used.

P4 1 : Last alternate machine (If different from original)
P42 : Transit time from that machine to load/unload.

P44 i Longest processing time on aLternate machine.

P45 : Difference of Lhe most imminent due time and

operation times performed so far.
P46 : Shortest procèssing time divided by total

processing time on original machinè.
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3.4.3 Control þ9-&.:
3.4.3. 1 Part Generation at Loading Àrea

The f oIJ.owing code

required to move parts

TOTL

ADDT

segment i llustrates the logic
from loading area Lo the machines.

GENERATE 15, , , 100, ,45

ÀSSIGN 1,FN$PTYP
ASSiGN 2,F',N$MÀCH

ÀssIGN 23,1'tx'l (P1 ,P2)

ASSIGN 26,t4X7 (1 ,P23)
MÀRK 3

ÀssIGN 4,0
ASSIcN 6,P2
ÀsslGN 5,0

ÀssIGN 7 ,P2ÀssIcN 5+,MXs (P',1 ,P7)

L00P 7 , TOTL

ASSIGN 19,0
ÀssIGN 20,P2
ÀssIcN 19+,MX6(P1,P20)
t00P 20,ÀDDT

ÀssIGN 21 ,0

ASSIGN 22,P2
ASSIGN 21+,y'/.2(P1 ,?22)

L00P 22,slIM

ASSIGN 8,V2

PRT ORI TY FN$PRI R

OUEUE OPPL

TEST E BV$COND, 1

ENTER OPRT
ENTER PÀLT
DEPART OPPL

1

)
3

4

5

6

7

I
9

10
11

12

13
14
15
16

1'l

18
19

20

21

23

24

25
26
21
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ÀDVANCE
LEÀVE
GATE SNF

ENTER
ÀDVÀNCE

LEAVE CÀRT

This is the segment which brings parts into the model

and each part transaction is assigned the number of

operations corresponding to its type (¡lock 3). ÀlL the

necessary information, such as transit time (BIock 5) from

Ioading area to original and to alternate machines (nLock

4l , total processing time (Blocks 11 & 19) , total
self-information for the part (Block 15), rnost imminent

due time (Block 21), and priority (BIock 22) is given by

this section of the model. Each part transaction waits in
queue (Block 23) until a pallet, operator, and cart become

available (Blocks 24 & 25r. Then, the cart delivers part

to the original machine (Block 32).

28
)a
30

31
32

OPRT
CÀRT

CART
P¿6

33

3.4.3.2 Schedul ing
Machines

a ) Process i ng

and Processing of Pârts on Original

on original machines

As explained in section 3.2, if parts find the original
machine not busy, they are machined as soon as they arrive
at this machine.



The model code which presents this kind of processing

follows.

GATE NU MX1 (P1,P2),CHCK
ENTER T00L,MX3(P1,P2)
sEr zE MX1(P1,P2)
TEST E BV$F'RST, 1 ,HoSEMÀRK 13

HosE ADVÀNCE MX2(P1,P2)
ÀssIGN 4+,ttx2(P1,P2)
ASSIGN 9,V4

ÀsslGN 10,V3
LEÀVE T00L,MX3(P1,P2)
RELEÀSE MX1(P1,P2)

34 coNT
35
Jb
37
20

39
40
41

42
43
44

The Block number 34 checks whether or not the primary

machine is free. If it is, the control proceeds to the

next blocks in sequences. Next, block 37 tests for
operation number, since the flow ti¡ne is measured from the

first operation to the Last operation of the part. After
capturing the machine and the reguired tools by executing

Blocks SEIzE and ENTER (35 and 36), machining takes place

by the ÀDVÀNCE Block (39). The LEAVE and RELEÀSE Blocks

(43 and 44) tel.1 the mqdel that the machine and tools used

are nore ready to perform another operation. Processing

time finished so far, remaining processing time, and job

slack are calculated by the variables given in the

variable definitions part of the model (Figure 10) and

ãssigned to the parameters corresponding to the block

numbers 40, 41 , and 42 respectively.
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If parts arríving at the original machine find it busy,

then they have to be scheduled before actual processing.

To do this, one must find out whether or not an equivalent

machine (alternate machine) to perform the operation which

the original machine was supposed to perform, exists. The

following segment code is responsible for this task.

cHcK ÀssIGN 24,MX1 (P',1 ,P2)ÀssIcN 25,MX4(P1 ,P2)
TEST E P24, P25,AVAL

Thê Block numbers 67 and 68 simply assign parameters,

but the real work is done by the block number 69 where

equality of parameters is tested for the avaílabitity. If
the condition is met, then the part transaction moves to
the next block. Otherwise, it branches to the block

labeled ÀvÀL (to alternate machine).

b) Scheduling and Processing on Original Machines

The procedure used for representing ho\,¡ part

transactions should be scheduled and machined on original
machines follows.

ÀssIcN 11 ,MX5(P1,P2)

ÀssIcN 14,MX4(P,l ,P2)ASSIcN 45,v9

61
68
69

71

72
73
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14
15
76
't7

ÀsslGN 15,V5
ÀssIGN 46,V10
lçfARK 1'l
L¡NK V6,P11,PtÀY

78
'19

80
81

82
83
84

85
86

87
88
89

90

PLÀY SEI ZE
ENTER
TEST E
UARK

PROC ADVÀNCE
ASSIGN
ÀSSIGN

ASSIGN
PRI ORI TY

RELEASE
LEÀVE
UNLI NK

TRANSFER

MX4(P1,P2)
T00L ,MX3 (P1 ,P2 )
BV$FRST, 1 , PRoC
IJ

t'rx5(P1,P2)
4+,14x5 (p1 , 

p2 )q rr¿

10,v3
PR , BUFFER

t'ot4 ( P1 , P2 )
T00t,Mx3(P1,P2)
v6,PLÀY,1

, GONP

Scheduling rules applied at the original machine are

SPT (P11, Block 71), LpT (p15, Block 74), EAT (p17, BIock

76), MDT (P8, Block 21 of Part Generation Section), TpT

(P2 1, Part Generation code, BIock 19), SpT,/TpT (p46, Block

75), ¡,íDT-LPD (p45, Block 73), LpD (p4), LpR (p9), and LS

(P10) used at various places after each operation. Once

the parameters are set for scheduling rules, the actual

scheduling is done by the block labeled LINK (Block 77)

where parts waiting for the nachine are put onto the user

chain V6 (corresponding to machine number) and arranged in



ascending order of the vaLues of the parameter placed at

the B operand of the LINK Bl-ock (may be P1 1,p15,p4, etc.).

Àfter scheduling, the parts are sent to lhe next blocks

where machining on parts takes p1ace. A part which has

seized thè machine at Block SEIZE needed to get the

necessary tools for processing, executes an ENTER BLock

(79). It is notable that the msavevalues corresponding to

original rnachines and processing times are four and five
instead of one and two. These do not make any difference
because original and alternate machines are the same in

the case when no aLternate machine exists. The block

labeled TEST tests the operation number condition, since

lre are interested in measuring flow time (from the

beginning of first operation to the last). The sole

purpose of the MÀRK Block subroutine is to measure the

t ime that has elapsed.

Àfter being processed at the block marked ÀDVÀNCE, the

Block 83 (ÀSSIGN) updates the processing time by adding

current processing time to the total operation time

finished right before this stored in parameter p4, The

other two ASSIGN Blocks 84 and 85 compute remaining

processing time and job slack for the part. After
completing an operation, the part transaction informs the

model at the UNLINK Block that a machine has been freed

and next scheduled part is then processed.



3.4.3.3 Operation Updating and FIow Time

Every time a part cornpleÈes processing at a machine, it
enters the model code given below.

45
46

41
48
49

50
5t

q')

53

54
55
55

USE

ÀssIGN 34,MX1(P1,P2)
ÀssIGN 2-,1

TEST E P2,0,CoNP
ÀSSIGN 2+,1
TÀBULATE FLOI,I

TÀBULATE COMP
TABULÀTE P1

ASSIGN 38,MX1(P1,P2)
ÀssrcN 39,Mx9(P38,1)

GÀTE SNF CÀRT,HoLD
ENTER CÀRT
ADVANCE P39

The first ASSIGN Block number 45 is used just for
logic. The actual work starts at the second ÀSSIGN Btock

where the parameter number t$o is decremenled, and

compared with the number zero (TEST Block). Note that. the

GPSS reads malrix values from right to left, so the

parameter P2 rras initialized to the total number of

operations reguired for each part (Loading Segment, Block

3).

Next, I f aII operations have been done, the part

proceeds bo the next sequential block. Àgain the ASSIGN

Block number 48 is used just for conput,ational purposes,



so it points to the last operation, By executing the block

assigned TÀBULATE (alock 49), the mean flow time of the

parts since first to last operation is measured and

displayed by the INCLUÐE statement coded in the Report

section (figure 10, Àppendix C),

One may also measure mean completion time (makespan )

and mean completion time for each part type by the next

two TÀBULATE Blocks repectively. In general, the rule

t¡hich minimizes mean f l-ow time also minimizes makespan.

Executing the remaining blocks of this submodel (BIocks

52 through 56) parts are taken to the unloading area. The

part uses a refusal-mode cÀTE (nlock 54) to test for the

availability of the material handling cart. If it is
available, then part delivery to the unloading area takes

place by executing the ENTER and ADVANCE Blocks r,¡here

parameter number 39 corresponds to the transport time from

the machine to unloading area. Otherwise, the part

branches to the block labeled HOLD to be linked on the

User Chain wAI T.

3.4.3,4 Depalletizing Parts at the Unloading Area

Depalletizing procedure

straight forward.

at the unloading a rea 15 very
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The f oIIor¿ing code segmen! illustrates the J.ogic required

to depalletize parts and leave the unloading area.

51
58
59
60
61
6¿
63

64

65
66

ENTER UNLD
LEAVE CART
ENTER OPR2

ÀDVÀNCE 5

LEÀVE PALT
LEÀVE OPR2
LEAVE UNLD

UNLINK WAIT,USE,1

TERMINÀTE 1

HoLD LINK WÀI T, FI F0

Execution of two ENTER BIocks (Blocks 57 and 59)

indicates the presence of the part at the unloading

station which has to be depalJ.etized by the operator by

executing the BIock named ÀDVÀNCE. Two LEAVE Blocks
(Blocks 61 and 63) cause the part transaction to leave the

pallet and unloading area. This means that there has been

one paIlet available for reloading another part and one

station available at unloading area. Another LEAVE Block

62 in between Èhese two blocks indicates the avaitability
of lhe operator for next part to be depalletized.

The nain task of tero interrelated Blocks LINK and

UNLINK is to put parts on User Chain naned WÀIT and to

tell the model that the cart has been freed to pick up the

next part and deliver it to the unloading area. It is the
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TERMI NATE BIock that causes the sinulation to stop after
compJ.eting the number of parts specified by the START card

just before Report Section of the model (Figure 10,

Àppendix C).

3.4.3.5 Testing Machine Utilization

À parameter must be kept for each machine bo record the

machine's most recent utilization. To examine ¡rhich

rnachine (original or alternate) is least utilized is done

by means of the following code.

DOTI TEST LE FR't24,FR*25,ÀLTN

ÀssrcN 37,r.1x8(P25,P24)

ENTER CÀRT
ÀDVÀNCE P37

LEÀVE CÀRT
TRÀNSFER , PTOP

139

140

*

141
142

*
143
144

*

145 ALTN GÀTE NU MX4 (P1 , P2 )

The point where lhe machine selection is made, is the

Block TEST. The Parameters 24 and 25 containing

ut.iLization of original and alternate machínes are tested

for less than or equal to condition. The machine which has
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the minimum value of that parameter is selected (i.e. the

machine which has been idle the longest). ff the less-than

or-equal to condition is met, the part moves to the next

sequential block. Otherwise, the par! branches to the

Block named ALTN for alternate machine where scheduLing

and processing take plac e .

A similar contro] logic for scheduling and processing

on alternate machines, operation updating, and

depalletizing parts is applied, OnJ.y the parameters,

matrix numbers, and User Chain names are different.
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¿. 1

Chapter IV

APPLICÀTION AND EVALUATION OF SCHEDULING RULES

DEMONSTRÀTION EXAMPLE

A hypothetical example is devised to test and compare

the performance of the combination of scheduling rules
(MDT-LPD) at original machines and LINF at alternate
machines with other most popular rules. Our model FMS

comprises 6 machining centers, each of which is a single
servèr st.aLion. The FMS is to process 3 part types with
highest priority given to part type 3.

Tab1e 2 sho!¡s the appearance of the visitation sequence

along \,¡ith operation times. Machines considered as

alternates and corresponding operation Limes are enclosed

in parentheses. The tool requirenent for each part type on

machines is shown in Table 3. Table 4 gives the transport
times matrix. The percentage of parts of each type to be

produced is also given in Table 2 (Row 6). The

self-information for alternate operations and summary of
the simula!ion results are presented in Tables 5 and 6

respectiveJ.y.
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Operatron

sequenc e

Part Par t 2

Mach. Time Mach, 1'Lme Mach. Time

1 1

(3)
20

(2s)
3

(4)
20
)^

24

2 25 5
(4)

20
(25)

3 3 ¿¿ 612 4 t5

4 5 t5 5 t/ 312

5 5 '1 0 422 210
%age 20% 20% 60%

TABLE 2

Opera t i on (routing) sequence

TABLE 3

Tool requirement

OperatÍon
sequence

Part 1 Part 2 Part 3

q
6 7

2 2 3 5

3 4 3 3

4 2 3 5

5 5 4 2



To

l,oad/UnLoad MH1 MH2 MH3 MH4 MHS MH6

/Unload
MH1

MH2
MH3

MH4
MH5

MH6

Load

F
R

0
M

3566
3152
6334
0323
3023
2203
3330

37
03
30
36
IJ

24

0

3

1

3

5

6

6

TÀBLE 4

Transport !imes matrix

TÀBLE 5

Self-Information of alternate operations

Operation
Numbe r Part type

Se I f - I n f orma t i on
Part type 2 Par! type 3

'I

2
J
4

5

.59

.59

.64

.78

.98

56
78
87
't3

b¡

53

OE

q?



Parts in Mac hi ne s
part system
types

ng Mean FloH
Rules on t ime

0riginal Al.ternate (Minutes)
Machines Mac h i nes

SPT SPî
LPT LPT
LPD tPD
SPT/TPT SPT/TPT
MDT MDT
LPR LPR

EÀT EÀT
tS LS
MD?-LPD LI NF

SPT
LPT
LPD
SPT/TPT
MDT

LPR

EÀT
LS
MDT-tPD

sPT 394.294
LPT 401 ,569
LPD 39i.559
SPT/TPT 409,214
MDT 433.754
LPR 438, 104
r¡ÞT L?2 1È,i
!'ÀT i.nq )1L
rs 414.359
L]NF 341.314

426.589
404,109
¿1? ¿1q
402.129
411 ,049
402.129
417.419
430.789
354.789

SPT SPT 403.929
LPT LPT 415.166
rPD LPD 406,703
SPT/TPT SPT/TPT 427,099
MDT MDT 445 ,67 9
LPR LPR 435.006
TPT TPT 445.679
EAT EAT 42'7.099
LS z LS 420,233
MDT-LPD LINF 323.809

sPT SPT 411 ,56'1
LPT LPT 400.569
LPD LPD 413 ,452
SPT/TPT SPT/TPT 429.067
MDr ùfDT 441 .364
tPR LPR 442,552
TPT TPT 441 .364
EAT EÀT 429,067
LS LS 422.959
MDT-LPD LINF 350.727

TÀBLE 6

The performance of selected scheduling rules
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Table 6 continued

sPT SPr 397.4't5
LPT LPT 429.391
tPD LPD 429,183
SPT/TPT SPT/TPT 433.861
MDT MDT 448. 135
LPR rPR 451 .537
TPT TPT 448, 135
EÀT EAT 433.861
LS LS 430.901
MDT-LPD IINF 334.653

SPT
LPT
tPD
SPT/TPT
MDT

LPR
TPT
EÀT
LS
MDT-LPD

sPT 427,936
LPr 400,628
LPD 441 .866
sPT/TPT 432,393
MDl 442.369
rPR 430.50',1
r¡Þ.¡ LL) ?Ê.4

EAT 432,393
L5 {Jb^ZtJ
LINF 322,928

sPT SPT 41 3 . 389
LPT LPT 388 . 81 2
LPD LPD 421 .725
SPT/TPT SPT/TPT 421 .458
MDT MDT 447. 158
LPR tPR 445,429
TPT TPT 447, 158
EAT EAT 421 .458
LS LS 419.832
MDT-LPD LINF 327.692

sPT SPT 421 ,487
LPT LPT 393,276
LPD LPD 431 ,244
sPr/rPT sPr/rPr 4 18 . 571
MDT MDT 450. 133
LPR LPR 445.125
TPT TPT 450, 133
EÀT BAT 418.57'1
LS LS 438.866
MDT.LPD LINF 325.381

No. of Par!s in Machines
part system
types

1n9 Mean Flow
Rules on t ine

0r iginal Àlternate (¡,linutes)
Mach i nes Machi nes

- '11



Table 6 conlinued

No. ot Parts rn Machrnes
part system

Schedul l nq Mean Flo$
Rules on t ime

0r iginal ÀlternaLe (uinutes)
Mach i nes Mach i nes

900 SPT SPT 423 .421)
LPT LPT 403.314
LPD LPD 430 .422
sPr/rPr sPT/TPT 429,016
MDT MDT 45'1 ,126
LPR LPR 445.09'1
TPT TPT 457,126
EÀT EAT 429.07 6
LS LS 430.496
MÐT_LPD LINF 318.270

1000 SPT SPT 41.¡ .396
LPT LPT 393,142
LPD LPD 433.95'I
SPT/TPT SPT/TPT 420,906
MDT MÐT 453.681
LPR LPR 448 .146
TPT TPT 4 53.681
EAT EÀT 420.906
rs Ls 436,344
MDT-LPD LINF 333.246
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The GPSS Graphical Output.

Às pointed out earlier, the GPSS can produce graphicat

output. The histogram produced for 100 parts with the

application of the MDT-LPD rule at the originaL and the

LINF rule at the alternate machine is shown in Figure 4.

The histogram is produced from the Table FLOT,I (shown

below ) in the model.

TÀBLE FLOI,¡

ENTRIES lN TABLE
100

UPPER
LIMI T

10
)1,

30
40
50
60
70
80
90

100
110
124

OVERFLOW

MEAN ÀRGWENT
354.789

OBSERVED
FREOUENCY

0

0

0

0

0

0

0

0

0

0

1

1

98



100 *
98 *
96 *
94 *
92 *
90 *
88 *
85 *
84 *
82*
80 *
78 *
76 *
74 *
72 *
70 *
68 't66 *
64 *
62*
50 r
58 *
s6 *
54 *
52*
50 *
48 *
46 *
44*
42*
40 *
38 r
36 't34 *
32*
28*
26*
24*
22*
20 *
18 *
16 *
14 ,
12 *
10 *

Figure 4: Flow time vs. No. of parts for (MDT-LPD)x(LINF)



Note lhat the values in a GPSS TabLe range from "minus

infinity" to "plus infinity". This means there is no part
(observed frequency 0) whose flow time is less than or

equal 10 minutes (upppn LIMIT 1 O ) , The observed

frequencies 1 for UPPER LIMITs 110 and 120 show that there

was only one part l¡hose flow time is less than or equal !o
110 minutes and one part whose flow time is less than or

equal. to 120 minutes. OVERFLOW on the right-most interval-

indicates that the flon time of 98 parts is greater than

120 minutes (may be infinity). Thal is, we have no idea

v¡hat the flow times were. The reason of sholring 130

minutes in the graph is because we requested 13 points in

the Table FLOW.

FLOW TABIE MP13,i0,10,13 TÀBLE FOR PART NtOW TIME,

If we increase the number of points in the Table, the

flow time might be grèa¡er than 130 minutes. The GpSS is
restricted to produce histograms only from Tables for each

individual run. Therefore, it does not allow to compare

scheduling rules in a single graph. From this point on,

the scheduling rules r¡i1l be compared using SAS bar

g raphs .
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4.2 ÀPPLICATION TO I,TILHELM AND SÀRIN (1985)

The operation seguence and operation times for
alternate operations directed dynamically (AÐ) scheme from

WiIheIm and Sarin (1985) are shown in Table 7 . The number

of tools used and transport times are given in Tables 8

and 9 respectively. Tables 10 and 11 show the caLculated

self-information and summarized simulation results for lhe

problem.

TABLE 7

Operation (routing) sequence (Wilhetm and Sarin 1985)

Operatior

seque n c e

Part 1 Part 2 ParÈ

Mach. Time Mach. Time MACn. l lme

1 2t)(2) ( 2s)
¿¿u(3) 25

¿u

2
.'

25 15 4
(3)

20
(10)

-1 2 20 3 l5 3 10

4 4 10 4 30 2 10

7oa 9e 34%
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Opera!ion
seuence

PArt r Part ¿ Part J

5 q

2 2 3 5

3 4 3 3

4 2 3 6

TABLE 8

Tool requirement

TABLE 9

Transport t imes natrix

TABTE 10

Self-I nformat i on of alternate operations

TO
Load/Unload MH1 ¡4H2 MH3 MH4

Load/UnIoad
F MH1

R MH2
O MH3
M MH4

U

1

2

1

2

t¿t¿
0123
1012
2101
3210

operation
Number Part type

Self-lnforrnation
Part type 2 Part type 3

2

3

4

JU
50
60
90

'75
'15

45

+u
70
10
70



No. ot Parts in Machines
pãrt sys t em
types

Sc hedu I ing Mean FIo\t
RuLes on t ime

0riginaL ÀLlernate (Minutes)
Mach i nes Machines

SPT SPT
tPT LPT
LPD LPD
SPT/TPT SPT/TPT
MDT MDT

LPR LPR

E¡¡tI El¡lT

LS LS
l'ÎDT-LPD LINF

379,729
387.519
344 .869
300.750
36't.439
300.750
344.869
383.659
198 .729

sPT SPr 288.'77 4
LPr rPT 399 .67 9

tPD LPD 41',1 ,'169
SPT/TPT SPT/TPT 355.214
MDT MDT 308. '199

LPR LPR 401.024
TPT TPT 308. 199
EÀT EÀT 355.214
LS LS 411,929
MDT-LPD LI NF 189.859

sPT SPr 308.889
rPT LPT 409.897
LPD LPD 427.052
SPT/TPT SPT/TPT 371,92'7
MDT ¡fDT 310,627
LPR LPR 412.299
TPT TPT 310,627
EAT EAT 3'71.927
LS tS 423,597
MDT-LPD tINF 1'11.584

SPT SPT 302,126
LPT rPT 400.473
rPD LPD 425,889
SPT/TPT SPT/TPT 368,449
MDT MDT 31 4 , 569
LPR LPR 41 'I . 006
TPT TPT 314.569
EÀT EÀT 358.449
LS LS 416,676
MDT-LPD LINF 192.143

TÀBtE '1 '1

The performance of selected scheduJ.ing rules for the
example problem from Wlihelm and Sarin (1985)
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Table 11 continued

PT

LPT
LPD
SPT/TPT
MDT

tPR

EÀT
LS
MDT-LPD

LPT 41'7 .113
LPD 432,595
SPT/TPT 366.587
MDr 312.889
LPR 418,993
TPT 312.889
EAT 366.587
rs 423,863
LINF 169,961

SPT
LPT
LPD
SPT/TPT
MDT

LPR

EÀT
LS
MDT_tPD

sPT 309.753
LPT 422.891
LPD 429,494
SPT/TPT 379. 108
MÐr 318,184
rPR 422.784
TPT 318.184
EAr 379. 108
LS 424,254
Lr NF 167 .1'7 4

sPr sPT 308.024
LPT LPT 417 ,87 6
LPD tPD 426,817
SPT/TPT SPT/TPT 374.339
MDT MDT 314.371
LPR LPR 424.192
TPT TPT 31 4 . 371
EÀT EAT 374.339
LS LS 421 ,288
MDT-LPD tINF 1 69.555

SPT
LPT
LPD
SPT/TPT
MDT

LPR
TPT
EAT
LS
MDT-tPD

sPr 311.'1 03
LPT 425.871
LPD 435,212
sPr/rPr 3?5.591
MDr 31 9 .803
rPR 426,279
rPr 319.803
EÀT 375.591
LS 429,3'18
LINF 167,002

No. of Parls rn Machrnes
part system
types

Rules on t ime
0riginal ALternaLe (¡¿inutes)
Machi nes Machines
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TabIe 11 continued

No, of Par!s 1n Machines
part system

Sc hedu l ing Mean Flow
Rules on time

0riginaL Alternate (Minutes)
Mach i ne s Machines

SPT SPT 3'10,490
LPT LPT 415.537
LPD LPD 432 .123
SPT/TPT SPT/TPT 375.405
MDT MDT 31 9 . 307
LPR LPR 420,264
TPT TPT 31 9 . 307
EÀT EÀT 375.405
LS LS 426,295
MDT_LPD LiNF 166.269

1000 sPT SPT 308 . 21 5
LPT tPT 425,024
tPD LPD 432,881
SPT/TPT SPT/TPT 378,138
MDT MDT 322,803
LPR LPR 425,411
TPT TPT 322.803
EAT EÀT 378. 138
LS LS 421 ,807
MDT_LPD LINF 166.910

81
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4.3 ÀPPLICÀTTON TO DOULGERI AND HIBBERD (1985)

The input data from this paper t.o be tested is shown in
Tables 12 and 14. Tables .l 3 and 15 give the number of

tools used on each machine for each operation of four par!
types and information matrix respectively.

TÀBLE 12

Opera!ion (routing) sequence (Doulgeri and Hibberd 1985)

operat ion

sequence

Par! 1 PATL ¿ Part Part 4

Mach. Time Mach. Time Mach. Trme Mach. T 1me

6 1.0 þ u. ¿
(4)

2 5 2.5 6 0,7 3.3 3.0

3 3 4.0
(4) (4)

1 2.0
(2\

1 3.6
l2)

4 '1 3.0
QI

I J.J
(2\

3 6.0
(4)

6 t.¿

5 6 10 4 22 2 10

%age 25% 25",r 25%
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opera! i on
sequenc e

Parl Par t 2 Par t Part

5

2 2 3 6 6

3 4 3 5 5

4 2 3 4 4

TABLE 13

TooJ. requirement

TABLE 14

Transport !imes matrix (DouIgeri and Hibberd 1985)

TÀBLE 15

Self -Inf ornation natrix

To

Load/unload MH1 MH2 MH3 MH4 MH5 MH6

i,oao / un l oao
l"lH 1

F MH2
R MH3

O MH4

M MHs
MH6

u,t u.J u.t u.y u.y
0.3 0.3 0.'t 0.7 0.9
0 0.7 0.3 0.3 0.3

0.7 0 0.3 0.7 0.3
0.3 0.3 0 0.7 0.3
0.3 0.9 0,7 0 0.3
0.7 0 .7 0.3 0.3 0

u

0.3
0,1
0.3
0.7
0.9
^ô

u.J
0

0.3
0.3
0.7
0.7
0.9

operation
Number

Se I t -I n t orma t ¡ on
Part type 1 Part type 2 Part type 3 Part type 4

I

2

3

4

02
62
42
54

1L

119
.34
Ât

113

, tó
.J I

61
53
45
93
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No. of Parts Ín Machin
part systen

Sc hedul Í ng
Rules on time

0riginal Alternate (Minutes)
Machi nes Machines

SPT SPT
LPT LPT
LPD LPD
SPT/TPT SPT/TPT
MDT MDT

LPR LPR
TPT TPT
EÀ? EAT
LS LS
MDT-LPD LINF

12 . 581
12,581
12.581
12.581
12.581
12.581
t¿.5ðì
12.581
tl.5ðr
12.581

200 sPT SPr 12.629
LPT LPT 12.629
LPD LPD 12 .629
SPT/TPT SPT/TPT 12,629
MDT MDT 12 ,629
LPR tPR 12,629
TPT TPT 12.629
EÀT EÀT 12,529
LS LS 12,629
MDT-LPD LINF 12,629

SPT
tPT
tPD
SPT/TPT
MDT

LPR
TPT
EAT
LS
¡MT-LPD

SPT
tPT
LPD
SPT/TPT
MDT

LPR
TPT
EAT
LS
lTDT-LPD

SPT 12,60
LPr 12.60
LPD 12.60
SPT/TPT 12,60
MDT 12,60
tPR 12,60
rPr 12.60
EÀT 12.60
LS 12,60
LINF 12,60

sPT 12.580
LPT 12.580
LPD 12,580
SPT/TPT 12.580
MDT 12,580
rPR 12.580
TPT 12.580
EÀr 12.580
LS 12.580
LINF 12.580

TÀBLE 16

The performance of scheduling rules for Doulgeri and
Hibberd (1985) I,¡ith no time penalty
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TabLe 16 continued

SPT SPT 12.593
LPT LPT 12.593
LPD LPD 12,593
SPT/TPT SPT/TPT 12.593
MDT MDT 12.593
LPR tPR 12,593
TPT TPT '12.593

EAT EAT 12.593
LS LS 12.593
MDT_LPÐ LINF 12.593

SPT SPT
LPT LPT
LPD LPD
SPT/TPT SPT/TPT
MDT MDT
tPR LPR
TPT TPT
EÀT EÀT
¡c tc
MDT-LPD LI NF

SPT
LPT
LPD
SPT/TPT
MDT

LPR
TPT
EÀT
LS
MDT-LPD

12.587
12.58',1
12.587
12.587
12.581
12.581
12,58'1
12.587
12.58'7

sPT 12,602
LPT 12,602
LPD 12.602
SPT/TPT 12.602
MDT 12.602
LPR 12.602
TPT 12,502
EÀT 12,602
LS 12.602
LI NF 12 .602

SPT SPT 12.600
LPT LPT 12.500
tPD LPD 12.600
SPT/TPT SPT/TPT 12.600
MDT MDT 12.600
LPR LPR 12.600
TPT TPT 12.60A
EAT EAT 12.600
LS LS 12.600
MDT-LPD LINF 12,600

No. of Parts in Machines
part system

Sc hedu L ing Mean Floli
Rules on t ime

0riginaÌ Alternate (t"tinutes)
Mach i nes Machi nes
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Table 16 continued

No. of Parts in MachÍnes
part system

Schedul i ng Mean FloH
Rules on t ime

OriginaJ. ÀLternate (t"tinutes)
Machines Machines

SPT SPl
LPT LPT
LPD LPD
SPT/TPT SPT/TPT
MDT MDT
LPR tPR
TPT TPT
EAT EAT
LS LS
MDT_IPD LI NF

a Êô')
a cot

2.593
2,593
2.593
2.593
2.593
2,593
2.593

1000 SPT SPT
LPT LPT
LPD LPD
SPT/TPT SPI/TPT
MDT MDT
LPR tPR
Il.I ITI

EAT EÀT
LS LS
MDT-LPD LI NF

2,593
2.593
2.593
2.593
, Êo1

2,593
2.593
2.593
2,593
2.593
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4.4 EVALUÀTTNG SCHEDULING RULES

Tabl-es 6, 11, and 16 summarize the simulation resul-ts

of three problems and are displayed graphically in Figures

5, 6, and 7. The CPU time and SRB (B1ock Subroutine) time

depending mainly upon the number of parts released and

scheduling rules used, for three problems are reported in
Table 17, For each problem, different simulation runs are

made for 100, 200, 300, 400, 500, 600, 700, 800, 900, and

1000 parts in total. For each fixed number of parts there

are ten different runs to compare, each representing a

different combination of scheduling rules on the original
and alternate machines. In aJ.1, 300 simulation runs, 100

(10x10) for each problem were performed.

Observing TabLes 6 and 11 , and Figures 5 and 6 which

display the mean flow times of the ten conbinations of

rules, the SPT/TPTXSPT/TPT combination (Stecke and Solberg

1981) did not perform we1I, Even the other ru1es, such

as LPD for lower volumes and LPT for higher volumes

performed better. The SPTXSPT combination which has been

proved to be the best in most studies (Conway and Maxwell

1962, Jones 1973, Co et a]. 1988, and Choi et aL. 1988),

and for some scheduling problems SPT produces the optimum

solution (Conway 1965) takes second and third positions

depending upon the type of the probLem and number of parts

released. Referring to Table 16 and Figure 7 , aLl

combinations SPTXSPT, LPTXLPT, LPDXLPD, SPT/TPTXSPT/TPT

- 89



etc. performed equaìIy well when no time penalty was

associated with processing times using aLternat.e machines.

In the illustrative example, the most imminent due time

(MDTXMDT) and TPTXTPT combinations exhibited very poor

results for higher volumes (See Table 6 and Figure 5).
Referring to Table 11 and Fì.gure 6, the combination

LPDXLPD produced the highest mean flow times for aIl
volumes in the problem two. The combination of the

difference of the MDT and LPD applied at original machines

and the information-based scheduling rule LINF at
alternate machines drastically reduces the mean flow !ime

in the first two problems as r,¡ell as in problem three when

there is no time penalty in using ãLternate machines

(tab]e 16 and Figure 7).

TÀBLE 17

CPU and SRB time for three prob).ens

Problems
Range of

CPU Time SRB Time
(Seconds ) (Seconds )

Example problem 1 to 59.05 0,12 to 0,21

WÌlheLm and Sarin (1985) 1,07 to 47,21 0.12 ro 0.18

Doulgeri and Hibberd ( 1985) 0,85 to 2.32 0.12 to 0.20
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Chapter v

CONCLUS I ON

This thesis evaÌuated the effectiveness of heuristic
scheduling ruJ.es for scheduling a fLexible manufacturing

system. The most important result of this study was the

discovery of the information-based scheduling rule which

carefully handles the uncertainty associated ¡.rith the

operations in a flexible manufacturing environment. Àlso

the MDT-LPD rule obtained from two other rules has, of

course, never been tested before in lhe literature. The

combination of these two rules, MDT-LPD at original and

information-based scheduling rule LINF at alternate
rnachines is tested and compared with other well-known and

popular rules such as: shortest processing time (SPT),

longest processing time (LPT), and other priority rules

including Stecke and Solberg' s ( 1 981 ) Spt/rpr suggested

rule in a flexible manufacturing system r¡here the

operations of a part can be accomplished by routing the

part through alternate machine sequencès,

To conpare and evaluate bhe mean flow times of the

different combinations of rules at original and aLternate

machines, the GPSS model was developed. The logic used in

the model is not only responsible for minimizing the mean

-91 -



flow times, but also maximizes the utilization of machines

of the manufacturing syslem. Ten combinations of

scheduling rufes r,rere tested Hith varying number of parts

r+ith and without time penalty incurred for al-ternate

operations. The results obtained from the simulation runs

indicate that the (MDT-LPD)xLINF combination yieJ.ded

substantial reductions in mean f l-oç times, Although this
combination of rules performed equally well in case of no

time penalty associated !¡ith alternate processing times,

there was no time when it was even at second place.

Thereforer the overalL performance of the combination of

these two rules is superior when compared with other

scheduling rules both directly and across varying number

of parts in the system.

It is interesting to note that the part priority rule
that Stecke and Solberg (1981) reported as performing best

in theír study did not perform as well as the
(MDT-LPD)xLINF. This may be because of the configurabion

of their flexible manufacturing system is significantly
different from ours and each FMS tends to have its own

individual characteristics. Therefore, the results
related to one system may not be generally valid (Carrie

and Perera 1986),

In summary, this study has sholrn that (MDT-LPD)XLINF is
a viable combination of two scheduling rules for the

flexible manufacturing environment and should be included

-92-



in future studies comparing sequencing and scheduLing rule
performance.
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Processing on original machines
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Updal i ng operations (Testinq segment)
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Figure 9 conÈinued
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ÐepaJ.letizing parts at un loadi n9 area
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Figure 9 continued
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Ex i stence of alternate machines
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Figure 9 continued
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Schedul ing and Processing on ai.ternate mach i ne s
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OperaÈion updating for parts coming from alternate machines

,,- E \

\lESr_///

L
'LOr

L

L

^És 
¡ ot{

Figure 9 continued

ÀLr oPÈFAlrOr¡S ÞOÈE ?

}iO. GO TO NEXI OR¡GINAL ÍACH¡ E

YES, rOrNl 10 L^ST

DrsÞr,^Y r{!^Í ?!oH ,.tr{E

ÀLfrnralE x^cHl l¡l l{uxaln H'l¿¡E

L^S1 oP¿R^ltOl¡ HÀS ¡glll

1H^1 ÀLllRr¡Àî! H CI¡INE TO

u Lo^D¡NG Sf^f¡Ol¡

- tt3 -



I5 g^lENI ÀL IANDI I NG

cÀnT rs,H,a, ¡nEE r

usÊn crarf

F i gure 9 conÈinued

- 116 -



DepaLLet.izing of parts coming from alternate machines
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Figure 9 cont i nued
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UtiLization section
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Part delivery from alLernate Eo next originaJ. machine
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Figure 9 cont inued
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Part cielivery from current original to nexE original machine
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