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ABSTRACT

Due to the rapid changes in the needs of the customer for new products, the future
manufacturing systems must cope with these changes. Hence, the need for the
manufacturing systems to support these changes in the products with shorter lead
times within a single manufacturing facility. The Virtual Manufacturing System
(VMS) is one concept which can assist in meeting these demands. The VMS concept
enables the manufacturing system designers to emulate and test the performance of

the future manufacturing systems.

This research has given an overview of the new concepts of Virtual Manufacturing
Systems and Virtual Manufacturing in general. A Virtual Reality Software tool has
been used to realise the VMS concept. A Virtual Manufacturing Environment
representing a Flexible Manufacturing System (FMS) has been modelled. A
simulation control language is employed for developing simulation control logics and

decision making control logics for the development of the FMS model.

The modelled FMS is implemented and tested through simulation experiments. The
testing is done by analysing the traditional scheduling rules in a manufacturing
facility. Average Machine Utilisation, Mean Flow Time, Average Queue Lengths and
the System Production Rate are measured as the System Performance Measures for

the evaluation of the scheduling rules.

This research has identified that the Virtual Manufacturing Software is a powerful
tool which can identify optimum configurations and highlight potential problems

before a final and expensive manufacturing system is established physically.

ii



ACKNOWLEDGEMENTS

I would like to express my sincere thanks to Dr. Saeid Nahavandi for his valuable
suggestions and guidance during the progress of my research and the successful
completion of the thesis. I would also like to express thanks to Prof. Don Barnes for

his guidance during the write-up of the thesis.

My thanks to all the staff members and fellow postgraduates in the department of

Production Technology for their help and support during the course of my research.

Also my thanks to my friends for providing me with lighter moments in my hour of

stress.

iii



TABLE OF CONTENTS

ABSTRATTT ..o eoncossonssomammmss i s B A b eV e e s RS AR S TR U S ii
ACKNOWLEDGENMENTS i st e s s s so s s ves s e ens iii
LIST OF FIGURES........ S R R RV R R RS T vii
LIST OF TABLES s iiisiseisios iaoiibomesssieesasiessas viii
1. INTRODUCTION iciiiisivsiuisssiisoisiasnasosseisssssssssn s ssnssssmsiiss s st esseisssaamsssssisieiie 1
1.1 CONCEPT OF VIRTUAL MANUFACTURING SYSTEM (VMS)....ccoiiiiiiiiiiiiiininiiiaisins 1
1 D R R T R O VNI s s s i i e s s s s SR U TR A S R TR D A s
1.3 TECHNOLOGIES RELATED TO VIMS ......oiicceriernsesssmsrersonssnssassarssrserssnnsssnsrnnninnsessssanes 2
1.4 SCOPEOF THE BESEARTH . v e s st o is i
15 REYBARTE D BIBCRINES omsimmemsmissys s siie s s s s s v s s S s 3
1.6 OVERVIEW OF THE THESTS «.ooomvosnssrsssmsss snssnsmmsnsssssntns sssasssns noorsmsssaien i sspssai s srags wy s 4
2. RECENT TRENDS IN VIRTUAL MANUFACTURING ..coeeiicceeeeencanrncennnanes 5
2.1 VIRTUAL MANUFACTURING ...ccceeteteteeeeeesseeeassesessassaesasssesesssessssssssssssesessssssssressasssass J
2.2 RESEARCH BACKGROUND IN VIRTUAL MANUFACTURING .....cuveereeerneeeeransseesesnnsnnes O
2.3 MOVING VIRTUAL MANUFACTURING INTO THE MAINSTREAM ...ccccvsvunvesveesmesmmnrnnnes 13
s L L )

S T B T R S OO OU 14

2.4 ProductionCentered WML ... oo asams i s i s 15

2 4.3 Corti Ol C T Bt VI cvsisvvmamsmamiis s s s s AR S w8 KT SRR R S SV s SN )
2.5 BENEFITS OF VM .ooeoteeeeeeetiesesssaesseassssssesssaasssesssanssssnssnnsssssssssessssnssanssansnssesnnnn 16
2.6 HOW VM Wi BEVUSED ionursians cisasis v s i i s i iss Crvnivvans s 17
2.7 VIRTUAL REALITY IN MANUFACTURING L.cxcisinssssusssansnsasssnssassansssssasasssssssnannssssnsnsses 20
3. SCHEDULING OF FMS : REVIEW OF RELEVANT LITERATURE .......... 22
31 STRUCTURE OF MANUBKCTORING BYSTEMS ivviusimnimassiinspsinisissiisisisnsis 22
3.2 FLEXIBLE MANUFACTURING SYSTEMS (FMS)....coiiircceiereecncnecccncscenasesnnenens 23

3.2.1 Flexibility Criteriain FMS..............cooieoeiiecieeiececeesseeeneesseesnnsnessnnes 23

3.2.2 Classification of FMS ......cvnnmnnansssmiveismsassaissaism 24



3.3 HIERARCHICAL PLANNING STRUCTURE OF FMS....oooriiiiiiiiiiiiiiiiiiieeieieeeiineenan 24

T3l OB LBV ococionaipnmmoss s s H o B S S SN S P3RS A RS A TR RN 25
AR B o 70 4 507 VD 42 =2 o U 25
T e o 26
3.4 SCHEDULING OF MANUFACTURING SYSTEMS oiiieitiieeeeeeeieeeeeeeeeeeeeeeeessssassnnensaeass 26
3.4.1 Simulation as ANQLYSis TOOL .................ccocoouevieeeieiiieeeieeeeeeeee e 27
4 METHODOLADEY . uiismscosinsimessisdinsaiiiesiemiieccniavssuismsssiav i ssss arenisisssiiasin 29
4.1 DESIGN OF PRODUCTION BYSTEM i viusseisimsiscsismssidimsoassassme s s s s s 29

4.2 CONCEPT OF “PUSH TYPE™ AND “PULL TYPE™ PRODUCTION ORDERING SYSTEMS..30

4.3 SELECTION OF SIMULATION SOFTWARE PACKAGE.......ccocovisnuinsirinsesirosasnenninenses 30
4.4 QUEST® SIMULATION PACKAGE OVERVIEW......cucuvviuiviesiieieeseeesesesessesssesesneesaens 31
441 MOARIIING. ... 31
4.4.2 Simulation Control Language .........................ccccooooveeeeieieimiiiessieeeieeeeee 32
d.4:3 Beiteh Coptiol LOBBIETE .o smsss s as i ons avsnis 33
4.5 QUEST® Menu SYSIEM................ooooeeoeeeoeeoeeeeeoeeeeeeeeeeer e .
e O s i S R S S S S S S A AN VRS s bt 34
B 52 WVORIES oo coisssimsiss o s o A 4 A A4 35
A o R U SR G 35
234 AHION BUNDRS cssimvivmvinissmmisims oo s A e e s d s pemssnmmssansnens 36
4.5.5 Logic Flow for various resources in QUEST® .. _........cccoccomiiivoooreren.. 36
4.6 DEFINITIONS OF LOGICS USED IN QUEST™: ..o esesseerseeeeeesenenasnnenn. 40
.00 LATTRlISEIION EOTH i oo s oS o e S S S e AR ¥ S e 40
0.2 SIMUIRTONE LOBTC o ccosinsomscianimvivonicsisamssorss ot 505 S5 R N 40

4.6.3 Termination LOGIC ...............cccoouvuevcinuiiinisiaiiisiasiessesiesseninsennsnesseesssnsssnsssennns 40
4.54: Prveess LofiC o vnsoususimviaiinssomiinimssiiisenasssswimammmoaa Tl
4.6.5 QUEUCING LOGIC..........oceeeeeeireieiieeiieiiasieneeiiieisasseeiseiseeseeensensenansnsesasesasssesens 41
4.6.0 Post Process LORIC «..ccuiiicssimimnsinsrusissmisssssismpmsmmsmamasssnasnesnasssmssnerassons Bl
467 Rotge LOPIC. c.ccvisisssscmiiimmissssszinsmismssgiiimiwiassaassssan Bl

4.6.8 DeCiSION LOGIC..........ooueueeeriiiiiciisieiiiiiieeeesieeeeie e eess s e ensnen s e essesenaesseanens 41
4.7 MODEL CREATION USING QUEST® 2. sc.cosivisisisisiiivssisssissisisssssmsrmmrrrememomerssmsasas 41
8 SO T WARE DIV R ONARINIT s soonsicisasiosicsoosicesion s siid e ie s 46



5. SIMULATION EXPERIMENTS.....ccccecsteetisncssesrsssnsassssrssnsssssssssesessssssasassasssssss 52

5.1 DESCRIPTION OF THE BYPOTHETICAL PM o vsamammavmassssmnmssssmommsisiasssssosssisc Sl
5.1.1 Assumptions made while developing the FMS model.....................cccco...... 53
5.2 SIMULATION BXPERIMEENTS - oo e o i o s s s s s 8 s B S A e 54
5.2.1 Part-selection FUIES................cccoooueveieiiiiiiiiieie e 34
5.2.2 Machine selection FULES .................ccc.oooeeeeieeieeeeeeeoeeeeeeee e 33
5.3. MEASUREMENT OF SYSTEM PERFORMANCE.........ciecnieimiummmiiiiasminsiommessiraseesssssiasesas 55
5.4 SIMULATION PERFORMANCE CRITERIA ......ooiiiiiiiiiiiniiieeioeeesnseaaneesnssessnessssssesan 55
5.4.1 Average Machine ULIlISALION................cccooovieiiiiiiiaiieeeseeeeeeeieeeee e, 36
B2 NIGENE T TOND TR crccisssovsssvsosssossusieussonssoa S 5 5 R s S A AR e 56
5.4.3 Average Queue Length [WIP] .........ccccoooiiviiiiiiiiiiiiiiiiiieiiiiiaei e IF
J 4.4 Systews Proguction RAIE ISR i cusvenscismnsvassinsssimsmnessbushissssmasist tommanss G
5.5 SIMULKTION INPUIT DA Lo sssmasiass s s oot it sssnsamimss s 58
5.6 SIMULATION EXPERIMENTAL SETUP ...ccceetiuiimeeeienieeaiensneessaseraesesssaessssesssessnsessnnes 59
5.7 EXPERIMENTAL CONSIDERATIONS ...iiccrmssssiverusicssasssanssrsnavsssasssvevnnsassussssssissoassarss 60
5. 7.1 Sintulation Periol.......ccsvmsovsivess e S S R S R 60
5.8 ESTIMATION OF STEADY-STATE OF THE SIMULATION MODEL.......ccoveriirieaienaeanne 60
6. RESULTS ARD DNSCLBRIDNS. coceamnsmmonmsmmasmsmins s sssinis 62

6.1 ‘SIMULATION RESULTS AND ANALYSEIS. ..ot st 02
6.2 ANALYSIS OF MACHINE SELECTION RULES ...oooeoeeeee e e e 62
6.3 ANALYSIS OF PART SELECTION RULES .. cioteeeeeeeeeeeeeeeeeeeraeeeeeresnssneesesenesnannn 09

6.4 ANALYSIS OF MACHINE BREAKDOWN ALGORITHM ..ouiiiiniiieieeeieeeneeesnesesneesssisennnees 11

7. CONCLUSIONS 75
REFERENCES 77
BIBLIOGRAPHY 82
APPENDIX A ccimsn s iaiaiihimiinsss it seas s isn s ssnsasa s stassanssnnnsnsnset 83
APPENDIX — Biosisiniassiivssisemsnnisss st iesissarsesssais sl s s eiesssseisy 102

vi



LIST OF FIGURES

FIG. 2.1 TOTAL MANUFACTURING INTEGRATION BY VIRTUAL MANUFACTURING CONCEPT. .................. 9
FIG. 2.2 MODELLING HIERARCHY FOR VIRTUAL MANUFACTURING ....c..coiiiiiiiiiiiniiiiiesoseseenseesnseneenns 10
FIG. 2.3 VM SOFTWARE FILLS THE GAP IN AUTOMATING THE INDUSTRIAL PROCESS..........coocieeierirsn. 13
FIG., 2.4, VM VISION ....uoiiiiiiiiiiitiieisteeseisseeesesesssssesessassesenssessesssssssntsssaensasssssnsesesssentesessssenssnsessssessons 14
FiG. 4.1 DISPLAY OFIOUEST® MENU BEREEN it i s st sins skt ammenmarossss snmssasonsase 33
FIG. 4.2 NVHODEL LOGIE FLOW oo s sinsisnenin i s sy ms e s et oo e s et 37
FIG. 4.3 WORKCELL LOGIC FLOW ..ooveieiecticceeeeteesee et ettt es ettt een s 38
FIG4.4 RESOURCE LOGIC FLOW ..cccciiiiiiiiniriirmnerressssssssnisssssssssssssissesssbessessusenssonsasssessmssssesssssssssssasans 39
FIG. 4.5 VARIOUS ATTRIBUTES DEFINED FOR A WORKCELL.......ccviviiiitietiiteoseemresesee e oo eessnsesesesesseses 44
FIG. 4.6 VARIOUS ATTRIBUTES DEFINED FOR A MATERIAL HANDLING SYSTEM ...coovvviviiirieiescinnanns 44
FIG. 4.7 VARIOUS ATTRIBUTES DEFINED FOR A BUFFER.......c.ovemiuinooeeeeoeeeeeeeeeeseseseierss st es s s eseeres s eeeses 45
FIG. 4.8 VARIOUS ATTRIBUTES DEFINED FOR A SOURCE .......ooveucteieeeeeee e eeseestesee s e eessenen e 45
FIG. 4.9 VARIOUS ATTRIBUTES DEFINED FOR A SINK.....oomiiiiiiiiiiiiiieicaeseinsesissaassassasesssssssessassseses 46
FIG. 4.10 FLOW CHART FOR MODEL CONTROL USING PART SELECTION AND MACHINE SELECTION

R L s e e i R e S A s e s ey A T e s e A e s e 47
F1G. 4.11 FLOW CHART FOR MODEL CONTROL USING MACHINE BREAKDOWN LOGIC......oooovvoeeo 48
FIG. 4.12 SNAPSHOT-1 OF THE SIMULATION MODEL....ccouviviciuiiminsiinanuinmsninsesssssnnsassasssinns 49
FIG. 4.13 SNAPSHOT-2 OF THE SIMULATION MODEL......c0uiiniiiiiiiee e e eeeeie et e eeennein 50
FIG. 4.14 SNAPSHOT-3 OF THE SIMULATION MODEL......c0uimniitiiniiiie e e e e 51
FIG: 5.1 CONFIGURATION OF THE FMS MODEL i uvaisivinvaiiniinionsiontasiainimeiisdim soisinsroaissiivmmniiin 59
FIG. 5.2 NUMBER OF JOBS WAITING FOR PROCESSING OVER TIME.........ccovueeecieieerieeecossssssssessesesssesenns 61
FIG. 6.1 MACHINE SELECTION RULES VS MACHINE UTILISATION .....c.cveiemerreeeeerriseseerssensssesnesersnesennn. 64
FIG. 6.2 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1001)........ovovoviieeeieeeenn . 65
FIG. 6.3 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1002)............... 63
FIG. 6.4 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1003).......ccvveveivieccrveeerrrenssssenennnn. 66
FIG. 6.5 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1004).......ccceoeeeeeeeeeeeereernenrnnns 66
FIG. 6.6 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1005).......ccuiiiecicaeieceiiaeeeereeresnenns 67
FIG. 6.7 MACHINE SELECTION RULES VS MEAN FLOW TIME (JOB 1006).......cccoeiveeeeeeeeeeeeresesnennrnn 67
FIG. 6.8 MACHINE SELECTION RULES VS MEAN WEIGHTED FLOW TIME OF ALL THE JOBS.................... 68
FIG. 6.9 MACHINE SELECTION RULES VS AVERAGE QUEUE LENGTH ....c.ccccuviuiiiiiiieeieeeesessnsesesesseressens 68
FIG. 6.10 MACHINE SELECTION RULES VS SYSTEM PRODUCTION RATE........cccovvververivennn, .. 69
FIG. 6.11 PRODUCTION RATES FOR PART SELECTION RULES.......cceveeueteueereersssessesrassessessesssssessssssesensnens 70
FIG. 6.12 COMPARISON OF MEAN FLOW TIMES FOR THE PART SELECTION RULES.........coveeeeeeeeeeenn. 71
FIG. 6.13 MACHINE BREAKDOWN ANALYSIS. e .
FIG. 6.14 EFFECT OF M/C BREAKDOWN ON MEAN FLOW TIME .......c.ocooveeeensresesmnsensnns 73

vii



LIST OF TABLES

TABLE 5.1 THE JOB ROUTING TO THE WORKSTATIONS. ...ouiiiiiiiiiemiineesiesiresssssassesosss osiiesvsnsesssiissesnnsnes

TABLE 5.2 THE MEAN PROCESS TIME OF EACH JOB TYPE AT DIFFERENT WORKSTATIONS .ccvvvveiieieians

TABLE6. | RELATIVE RANKS OF MACHINE SELECTION RULES ON THE SYSTEM PERFORMANCE

L B ] ] e B e R S UL, N

L
L

viii



Chapter 1

INTRODUCTION

This chapter gives an introduction to the concept and definition of Virtual
Manufacturing System (VMS) and the technologies related to VMS. It elaborates the
scope of the research and research objectives. It also includes an overview of this

thesis.
1.1 Concept of Virtual Manufacturing System (VMYS)

In this research, the concept of Virtual manufacturing systems (VMS) is based on the

concept developed by Masahiko Onosato et. al. (1993) which is explained as follows:

A manufacturing system in the real world could be decomposed into two different

subsystems :

A real and physical system (RPS)

A real and informational system (RIS)

An RPS is composed of real entities that exist in real world. Entities such as,
materials, parts, products, machine tools, jigs, sensors, controllers, and so on. When a
manufacturing system is in operation, these components of the manufacturing system

have physical behaviours and interactions such as motion, transfer and transformation.

An RIS involves many activities of information processing and decision making such
as, designing, planning, scheduling, controlling, estimating and so on. It consists of
computer activities as well as human activities of a real manufacturing system.
Consider a real manufacturing system made up of an RPS and an RIS. Activities in
the RIS are physically separated from the substantial entities in the RPS, and the RIS
has relation to the RPS by exchanging information. The RPS sends status reports to



the RIS by means of sensors, data terminals, and other communication channels.
Control commands generated by the RIS are sent to the RPS so as to operate machines
there. The RIS can effect and know the RPS only by means of control commands and

the status reports respectively.

1.2 Definition of VMS

If all the activities of the RPS can be represented in a computer system that interprets
control commands and returns status reports from and to the RIS, and if the responses
from the system are equivalent to the RPS, then no one in the RIS would know
whether the status reports are returned from the RPS or from the computer system. A
computer system that simulates the responses of the RPS is called "Virtual and

Physical System" (VPS).

Similarly if there is a computer system that can simulate the functions of the RIS in
such a way that the machines in the RPS cannot distinguish whether control
commands are coming from the RIS or the computer system. Then such a computer
system which simulates an RIS and generates control commands for the RPS is called

"Virtual and Informational System" (VIS)

The following four manufacturing system types can be formulated by having different

combinations of the physical and informational systems :

1) RPS + RIS : Real manufacturing systems

2)RPS + VIS : Automated manufacturing systems

3) VPS + RIS : Virtual manufacturing systems (physically)
4) VPS+ VIS : Virtual manufacturing systems (fully)

This research is based on the manufacturing system of type 4.



1.3 Technologies related to VMS

According to the various manufacturing systems as described above, CIM (Computer
Integrated Manufacturing) is including the activities concerning computerisation and
integration of RISs in real manufacturing systems. When an RIS is fully computerised

and integrated by CIM, it is also considered as a VIS.

A Flexible Manufacturing System(FMS), which will be explained in detail in chapter
3, corresponds to an RPS. Since machines in FMSs can be highly automated by
computers and have good controllability, it is easier to realise a VPS for FMSs than

that for non-computerised manufacturing systems.

Virtual Reality (VR) is now attracting much attention of researchers and industries.
Virtual reality is a technology by which a user can observe or operate objects in

computers as if they were in the real world. So, VR is closely related to VPSs.

1.4 Scope of the Research

The basic objective of VMS is to model and simulate a VPS and a VIS and establish a
communication link to the RPS and the RIS. Since this covers all the major areas of a
manufacturing system, the scope of this research is limited to the development of a
Simulation Model in a Virtual Manufacturing Environment, which emulates a
Flexible Manufacturing System model i.e., VPS as mentioned in the above sections,
which is explained in detail in Chapters 4 and 5. Later on this model is tested for the
evaluation of scheduling rules in an FMS. As Virtual Reality is closely related to
VPS, a Virtual Reality Software system is used in this research to achieve the research

objectives.



1.5 Research Objectives

The objectives of this research include :

Development of a simulation model of the Manufacturing Pilot Plant and the
Industrial Engineering Workshop of the Department of Production Technology
using Virtual Reality Software. The Manufacturing Pilot Plant is involved in
manufacturing printed circuit boards and the Industrial Engineering Workshop
produces plastic components and the injection moulds for those components.
Development of a Simulation Model of an experimental FMS in a Virtual
Manufacturing Environment using Virtual Reality Software.

Testing of the model by analysing traditional scheduling rules in a manufacturing
facility. This is done by analysing the effect of the scheduling rules on the System
Performance. The system performance indices set for this research are, Mean Flow
Time of Jobs, Average Machine Utilisation, Average Queue Lengths and the

System Production Rate.

1.6 Overview of the Thesis

Chapter 2 covers an overview of the recent trends in Virtual Manufacturing and the

related literature. Chapter 3 gives details about Flexible Manufacturing Systems

(FMS), Scheduling of FMS and relevant literature, Chapter 4 explains in detail the

methodology adopted for this research in achieving the research objectives. Chapter 5

covers the simulation experiments conducted in this research for analysing the

scheduling rules in a manufacturing facility. Chapter 6 discusses the simulation results

and the analysis of the results and finally Chapter 7 draws the conclusions from this

research.





