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ABSTRACT

This research is concerned with certain production planning problems associated with
flexible manufacturing systems (FMS) with high tool variety. In this environment of
FMS, the tool requirements at workstations exceed the respective tool magazine
capacities. During an extensive survey of related literature, it appeared that the problems

associated with this type of FMS have been overlooked by the FMS research community.

The operational problems of FMS are discussed with special reference to the constraints

imposed by tooling. The characteristics of the selected FMS type are clearly defined.

This discussion is supplemented with a detailed description of a real FMS which

resembles the operations of the selected type of FMS.

Having identified certain drawbacks of some existing simulation software, the
development of a comprehensive FMS simulator which uses a novel hybrid modelling
technique is discussed. The use of a graphical post-processor which can be used to

enhance the system logic of the FMS is also described

A number of parameters associated with the tool management system are identified
and the methods are described to evaluate these parameters. The importance of

evaluating these parameters in design and operation of an FMS is stressed.

The development of a tool post-processor which can assist in identifying the scale of

the tooling problem and in evaluating tool management parameters is presented.

A variety of tool availability strategies which reduce the tool exchange rates are

suggested and evaluated. Finally, the part selection (for immediate processing) problem



1s solved using a novel technique which takes the advantage of the availability of

real time data in FMS.
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CHAPTER 1

FLEXIBLE MANUFACTURING SYSTEMS
AND ASSOCIATED OPERATIONAL PROBLEMS

1.1 INTRODUCTION

For decades, manufacturing resources have been used as stand alone facilities with
little or no integration between them. In recent years however, the extensive development
and use of computer assisted systems within the manufacturing industry has led to a

proliferation of system designs [Cook 1978].

In early 1970°s the concept of flexible manufacture was introduced by linking
production equipment under the control of one or more computers. It is expected that
these flexible manufacturing systems would achieve the flexibility of job shops while
approaching the higher productivity of transfer lines. In this research work, some

problems pertinent to FMS are discussed and solved.

Prior to a detailed discussion of associated problems and proposed solution strategies,

a brief introduction to FMS and their major operational problems is presented.

1.2 EVOLUTION OF FLEXIBLE MANUFACTURING SYSTEMS

A major breakthrough in manufacturing technology was realized when the first
numcn‘calfy control machine tool was invented [Hatvany 1983]. Since then in parallel
to the rapid development of computer technology, this concept of numerical control
has been continuously enhanced. Although the first few generations of NC machines
were operated by their own control system, in late 60’s a group of NC machines
were linked together and operated under the control of a central computer. This is

known as DNC (Direct Numerical Control) system.

At this level of automation, however integration was limited to machine tools, but it

was soon realized that further improvements can be achieved if parts were delivered

to workstation automatically. In mid 60’s D T Williamson, then Director of Research



& Development, Molins Company (UK), conceived the idea of automated part handling
system for a cluster of workstations [Williamson 1965]. It is generally recognized as
the exposition of the FMS concept [Kochan 1985(a)]. Having recognized the importance

of this philosophy, since then the manufacturing industry has been implementing FMSs.

1.3 REALIZATION OF FLEXIBLE MANUFACTURING IN THE UNITED
KINGDOM

The United Kingdom probably has a stronger claim than any other nation in terms
of creating the concept of flexible manufacture. Sadly there is considerable evidence

to indicate that FMS is yet another example of an excellent concept originating in

Britain, where initial advantage has been lost through industry’s failure to apply it

on any significant scale and exploit its benefits.

In early 80’s the British Government launched the FMS support scheme which

accelerated implementation of FMSs and by 1985, 33 FMS installations were reported

[Kochan 1985(b)].

The UK industry accounts for wide variety of FMSs, from small systems to large
scale systems. The British Aerospace, JCB Transmission Ltd and Anderson Strathclyde

Plc claim some of the most impressive FMSs in UK. An exhaustive review of UK

FMS installations can be found in [Bessant and Hayward 1986].

Nearly ten system were visited during this research work, and the following general

observations were made.

a. Production planning and control is a major operational problem. None of the

companies used any decision support systems to solve these problems.

b. Although some companies used simulation at the design stage to evaluate

vendor’s proposal, most of the companies do not use simulation to solve day

to day operational problems.



c. There are few systems in which tool management has been given proper

consideration. Most companies believe that tool management is a major problem.

d. Except in very few systems , the processing characteristics of parts are not
very complex and require not more than 2 or 3 operations to finish the parts.

In most systems all operations can be carried out in a single fixture setup.

e. In many systems, the debugging of software has taken very long time (4-5

years).

At present the rate of implementation of large scale FMSs i1s declining while modular

implementation of FMSs is increasing. The idea is that a simple system can be
expanded to a fully fledged FMS by adding various production modules in a sequential

manncr.

1.4 DEFINITION FOR FLEXIBLE MANUFACTURING SYSTEMS

Flexible manufacturing system is a phrase which is open to wide interpretation and
various definitions have been suggested in literature [Wood 1982, Kusiak 1985].
However when attempting to solve problems pertinent to these systems a conceptual
definition of FMS is necessary. The International Institute of Production Engineering
Research (CIRP) recently completed a set of definitions for automated manufacturing
systems of which FMS is a part. First it provides a definition for an automated system

[Kochan 1985(a)].

An automated manufacturing system is an unit within a manufacturing system
consisting of an integrated assembly or machines and/or associated equipment
to carry out production with a minimum of manual attention together with the
means for transferring components automatically through the system, all operating

under fully programmable control.

In engineering manufacture an automated production system usually encompasses

machine tools for processing and other workstations such as washing, inspection etc..
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Within the framework of automated manufacturing system, CIRP define FMS as

[Kochan 1985(b)];

A flexible manufacturing system is an automated system which is capable, with

minimum of manual intervention of producing any of a range or family of
products. The flexibility is usually restricted to family of products for which

the system is designed.

This broad definition covers wide variety of FMSs, therefore various attempts have

been made to identify possible variants of FMSs [Stecke and Browne 1984]. Basically
these approaches classify systems based upon the number of machining modules

involved and/or type of material handling system used.

1.5 DESCRIPTION OF FLEXIBLE MANUFACTURING SYSTEMS

Any FMS consists of number of hardware and software modules. While hardware
modules provide various processing and supporting facilities such as machining, materal
handling etc., software modules assure the proper control over the system and
management reporting etc. Major hardware and software modules are shown in Figure

1.1. In the following some of the keywords used in this work are defined.

A FMS 1s generally capable of producing several different part types which are
members of one or more part families which are formed on the basis of similarities

of characteristics (e.g. geometrical, material etc.). An individual representative of a

given part type is called a workpiece.

Fixtures hold the workpieces in different orientation for machining on different faces.
It may be possible that a given fixture can be shared by different part types. Fixtured

workpieces are mounted on pallets which are the interface to the material handling

system (MHS) which moves workpieces within the system.

Each workpiece is manufactured via a sequence of routes. A route is a trip through

the system, after which the workpiece is removed from the system. After a workpiece



completes 1ts first route, it will be re-entered and sent on its second route, and so

on, until all routes are completed. The reason for separate routes is usually a need

for a separate fixtures.

On a given route a workpiece will visit a given sequence of machine groups. A
machine group can contain several machines and any machine in the group can process
a workpiece that is destined for that group. The machine groups can overlap that is

the same machine can participate in two or more machine groups.

Typically FMS machine groups do metal cutting. But there are various FMS support
functions. Inspection tasks are handled by a special inspection machine groups and

the tasks of fixturing/loading and defixturing/unloading of parts entering and leaving

the system are handled by a special load/unload workstation group.

Once a workpiece is released to the system human intervention is kept at lowest
possible level by controlling the activities of the system through a system of computer

hardware and software.

1.6 OPERATIONAL PROBLEMS OF FLEXIBLE MANUFACTURING SYSTEMS

Although flexible manufacturing systems are computer controlled automated systems
they do not relieve the burden of the planning and control aspects of the system.
These aspects have been recognized as major operational problems pertinent to these
systems. The following is the comprehensive discussion of typical production planning

problems encountered in FMS environment;

The life cycle of operational procedure begins when production orders (what to make,
how many and when to be completed) are received by the system. For a variety of
reasons, the simultaneous processing of all required workpieces may not be possible.

Prime among these reasons are the tool capacity constraints and limited number of
fixtures and pallets. Therefore it is necessary to select a subset of part types for

immediate processing. Once the part types have been selected, some aggregate



information can be obtained concerning the total processing requirements, tool

requirements etc..

Since the system processes different part types in different planning periods, it may
not be suitable to maintain a fixed machine group configuration. Different product

mixes generate different patterns of work load distribution and demand different
combinations of tools. Thus having selected part types for immediate processing,
machines can be partitioned to form logical machine groups. Each member in a given

machine group is identically tooled to perform the same set of operations .

Some FMSs produce parts that are required in certain relative ratios. For example the
system may produce many part types and components for later assembly. It may

desirable also to produce in certain ratio to maximize some system performance

indexes. Therefore it may be necessary to determine the production ratio for selected

part types.

In most of the systems, production ancillaries such as fixtures, pallets etc. are limited.

Some fixtures may be shared by different part types. Thus when these limited resources

constrain the way system is operated it is necessary to allocate the limited number

of pallets and fixtures among the selected part types.

When production rates of the selected part types are determined, production requirements
of individual part types can be fragmented into operation modules. Then it is necessary

to allocate operations and associated cutting tools of the selected part types among

the groups of machines.

In most of the systems, the development of operational strategies has been left to
the user. It should be bome in the mind that no universal strategy can be developed

due to variations in several factors associated with these systems. When these FMS
planning problems are solved, the system is ready to accept parts for processing. The

next major task is the control of part flow through the system.



Since an FMS is capable of processing different part types simultaneously, it is possible
to release parts to the system in different sequences. However random releasing of
part types may not be wise as it contributes to the system performance. In some
systems, it may be necessary to control the input sequence to avoid constraints imposed
by limited resources. Therefore it is required to determine the optimal sequence in

which the selected part types are released into the system.

Once the parts are released to the system further control over the part flow is necessary.
When alternative routes are possible, parts should be selected in a logical manner to
improve the system performance. Thus appropriate scheduling methods preferably

real-time, on-line techniques need to be developed.

Furthermore operational strategies should be developed, in order to respond to system

disturbances such as machine breakages, tool breakages etc.

1.7 TOOLING CONSTRAINTS AND TOOL FLOW CONTROL

In the first generation of FMS, tooling aspects were largely ignored and all efforts
were concentrated on controlling the part flow. However, it has now been recognized

that tool management aspects are major obstacles in achieving the expected performance.

In general, two types of problems exist.

Firstly, it is necessary to develop an overall strategy for tool management in FMS.
This includes, tool inventory control, tool requirement planning, tool tracking and
monitoring and tool delivery system. Apart from these inter-system tooling related

activities, the strategy should be extended to communicate with the design, the process

planning system etc. Except in a few systems, the level of automation associated with

tool management is very rudimentary. So far, no integrated tool management system

has been reported.

Secondly, tools can impose severe constraints on the production planning and control

problems discussed above. The complexity of these constraints mainly depends on the

aggregate tool requirements and tool magazine capacity. In some systems aggregate



tool requirements are low and the magazine capacity is large enough to hold all
necessary cutting tools. This type of system would require the simplest tool management
system and operational problems may not be constrained by tooling. But at the other
extreme, aggregate tool requirements exceed the tool magazine capacity and almost
all production planning control problems are severely constrained by tooling. Furthermore,

a more comprehensive tool management system is essential.

When FMSs are designed, one or more part families are taken as the basis. However
it is almost impossible to maintain the same set of part families throughout the life
cycle of an FMS. New product types may be introduced to obtain the advantages of
flexible manufacture and the part family spectrum expanded. Thus even a simple FMS

may gradually turn into a complex system. One of the adverse effects of this

development is the expansion of the tool population.

1.8 FOCUS OF THIS RESEARCH

It is conspicuous from the above discussion, that when aggregate tooling requirements
exceed the tool magazine capacity, most of the production planning and control
problems are constrained by tooling. This research is an investigation of production
planning problems of FMS in the high tool variety environment. It also addresses the
tool management aspects of FMS and modelling of tool flow within a FMS, which
are essential pre-requisites. In particular, the part selection problem in the high tool

variety environment is solved. Such a problem of FMS apparently has not previously

been discussed in the literature.

As stated above, in general tool management aspects have been overlooked. Therefore
it is necessary to identify major aspects of tool management system and their interactions

with production planning and control of FMS.

In the quest for solution strategies for these operational problems, the availability of

a model of the system would be invaluable. As a consequence of the negligence of

tooling aspects, modelling of FMS is confined to part flow. Thus appropriate modelling



techniques have to be developed to understand the scale of the tooling problem and

to augment the generation of solution strategies.

10



CHAPTER 2

PROBLEM STATEMENT

2.1 INTRODUCTION

This chapter sets out the problem statement of the research programme. The problem
was captured through accumulation of knowledge about the planning and control

problems of a real FMS and the constraints imposed by tooling and tool management

in general. The appropriateness of the selected research area is further strengthened

by the findings of a literature survey which reveal gradual perception of the importance

of tooling aspects in the industry.

There are many variants of FMS configuration. Different systems operate at different

level of complexity. Thus it is essential to identify the major characteristics of the

selected type of FMS.

The factors which influence the selection of the type of the FMS are discussed and

the problem area is clearly defined. Pre-requisites of the research program are identified

and the major steps are outlined.

2.2 FLEXIBILITY OF FLEXIBLE MANUFACTURING SYSTEMS

The term flexible manufacturing system is used in the industry to describe a variety

of automated systems and to some extent it has become a misnomer. The ambiguity

arises due to the phrase flexibility, because to different people flexibility means different
things. However attempts have been made to identify flexibilities pertinent to automated

manufacturing systems. Most comprehensive set of definitions is proposed by Browne

and others [1984]) who gives the following list;

Machine Flexibility measures the ease of making the changes required to produce

a given set of parts.

11



Product Flexibility represents the ability to changeover to produce a new set

of products economically and quickly.

Process Flexibility measures the ability to produce a given set of part types

In several ways.

Operation Flexibility measures the ability to interchange the ordering of certain

operations for each part type.

Routing Flexibility measures the ability to handle breakdowns while continuing

to produce the desired set of part types.

Volume Flexibility measures the ability to operate a FMS profitably at different

production volumes.

Expansion Flexibility represents the capability of expanding a FMS as needed,
easily and modularly.

Production Flexibility represents the universe of part types that the FMS can

produce.

It is anticipated that a good FMS would possess all of these flexibilities. However it
may not be financially viable or appropriate to have all flexibilities in one system.
Therefore system designers would decide a sub-set of flexibilities to build into the
system, based upon user requirements. The operational complexity of FMS is partly
attributed to the type of flexibilities embedded into the system. Generally, higher
system flexibility demands greater planning and control effort. As an example when

routing flexibility is added to the system, more comprehensive scheduling logic needs

to be developed.

12



2.3 FLEXIBILITY AND SYSTEM CONSTRAINTS

A set of part families suitable for flexible manufacture is the centre piece of the FMS
design process. The characteristics of these parts and their production requirements
set the major features of the system such as the number of workstations and their
type, material handling system and the number of pallets etc. Once the system is
operational, it may be necessary to make products whose characteristics are different
to those of the original set of parts. However, there are certain system constraints

which limit the expansion of part families. They can be categorized as follows;

2.3.1 Constraints Imposed by Production Equipment

The production equipment basically includes, workstations, material handling system
and inspection stations etc. This hardware subsystem sets the higher level constraints.
For example, a machining centre sets the maximum working envelope (it is logically
possible to process any part which lies within the working envelope) and the
maximum weight of the part. The material handling system also limits the size
and weight of the parts being delivered. The tool magazine capacity is an another

higher level constraint. Alteration of these constraints (such as adding a new

workstation) requires high investment and they are done on long term basis, in

responds to changes in production environment.

2.3.2 Constraints Imposed by Production Ancillaries

Production ancillaries such as fixtures and tools Ilimit the types of parts that the

system can process. Within the limits imposed by higher level constraints, it may
possible to expand the FMS product spectrum by adding more tools and fixtures.

Generally, these do not demand high investment. Thus the system flexibility can

be improved in this way to meet short term requirements.

13



2.3.3 Constraints Imposed by Software System

The system software sets overall operational strategies for the system. Thus any

changes in operational tactics must be reflected in system software. The complexity
of modifying software, however, depends on the way that it has been implemented.
If modular structure has been used, it may be relatively easy to make changes.

The cost of these changes depend on the degree of enhancement.

From the above discussion it is clear that by altering constraints imposed by production
ancillaries, the product and volume flexibilites of the system can be improved on a

short term basis. In the case of cutting tools, an interesting problem arises, as it

interacts with a higher level constraint, tool magazine capacity.

2.4 CLASSES OF FLEXIBLE MANUFACTURING SYSTEMS

Apart from the flexibility diversity, different systems have different types of architecture

due to alternative combinations of production equipment. These variations have been
classified, based on two main factors, the number of workstations involved and the

type of material handling system used [Dupont 1982, Stecke and Browne 1984];

Type I FMS : Flexible Manufacturing Cell (FMC)

A FMC consists of a single CNC machine tool with automatic tool changing and

automated loading and unloading of parts from an associated buffer.

Type II FMS : Flexible Machining System (FMS)

It consists of several FMCs of possibly different types. Being the most general

type of FMS, there are also several kinds of automated MHSs (eg. AGV, rail

cuided car etc.) that can be used with this system to provide subcategories of this

type Il

14
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Type III FMS : Flexible Transfer Line (FTL)

A FTL requires that each part has a fixed route through the system.

Further classification of FMSs are possible based on major operational features.
Remarkable difference in operating policies can exist due to constraints imposed by
various production ancillaries, such as fixtures, pallets and tools. Among these tools

can decisively set the way the system is operated and it would depend on the ratio

between aggregate tool requirements and the tool magazine capacity.

When operations are assigned to workstations, aggregate tool requirements at each

workstation can be estimated. A new parameter fool variety index has been defined
based on these values (chapter 7). The system may operate at different levels of

complexity based on the value of system tool variety index [Fig. 2.1]

Further categories of FMSs can be defined according to processing characteristics of
parts and batch sizes. Among various processing characteristics, the processing time
is an important factor and it may used when operational strategies are developed.
Most of the developed methods are however limited to systems with short processing

times and larger batch sizes. In this environment production requirements are split
into batches, and are released to the system one after another with re- configuration
of tools after each batch. But when batch sizes are small and processing times are

longer, this conventional a batch-after-another strategy may not be appropriate. One

of the important facts in this environment is that the system may not reach a steady

siate.

Varniations in the above factors are taken into account when the type of FMS is

selected. In the context of this work, the selected FMS type would include the

following characteristics.

a. All major flexibilities

b. FMS/AGYV type

16



¢. High tool variety environment
d. Small batch sizes and long processing times (highly dynamic environment)

2.5 PROBLEMS ASSOCIATED WITH THE SELECTED FMS TYPE

The above mentioned characteristics of the system would set out different dimensions

to production planning and control problems. In general, these features increase the

complexity of operational strategies.

2.5.1 All Major Flexibilities

As mentioned before, higher system flexibility leads to a large number of candidate
decisions for a given problem and it may be necessary to test these options to
find a good candidate decision. The level of flexibility may change from time to
time, and this dynamism may bring additional operational problems. For example,
production flexibility can be improved by adding more tools to the system but at

the same time more comprehensive logic is required to control the part releasing

sequence.

2.5.2 FMS/AGV Type

FMS/AGV type of flexible manufacturing system is regarded as the most complex
type among the variants. Although this type of addressable material handling system
is more effective, they bring additional control problems. For example, system

logic must be able to avoid possible collision of vehicles and more effective
transporter assignment strategies are required to improve the utilization of the

material handling system.
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2.5.3 High Tool Variety Environment

As discussed earlier (section 1.7) most production planning and control problems

are constrained by tool magazine capacity. In the following, additional dimensions

added to these problems by tooling aspects are highlighted.

a. Selection of Subset of Parts for Immediate Processing

There may be several criteria for this, such as limited number of fixtures and
machine capacity etc. In this environment however, tool magazine capacity may
be the prime reason. Therefore, when parts are selected for immediate processing,
their tooling similarities must be considered. If more unsimiliar (in tooling

aspects) parts are selected, it may be necessary to change tools at intermediate

stages due to product variety.

b. Machine Grouping

When machines are grouped logically to meet changes in production requirements,
it is desirable to form few machine groups with a large number of machines

in each group. If tooling requirements exceed the magazine capacity, more

machine groups have to be created reducing the routing flexibility of the system.

c. Production Ratio of Selected Part Types

Usually, a certain ratio of part types is maintained, when FMS feeds a
downstream manufacturing facility such as assembly line. But tooling aspects
may also control the part ratio. It is thought that part types can be grouped
according to their rate of consumption of tool life. There may be parts of
which operations consume a higher percentage of tool life (to avoid repetitive
use of long terms, this types of parts are named as H type). If only H type
parts are produced in a certain production period, the number of tool changes
could be high and the tool handling system may not be able to cope up with

high demand for tools, resulting machine down due to tool starving. But this

18



could be controlled by blending H type parts with other part types and

maintaining a certain ratio, between these types.

d. Part Releasing Strategy

Parts can be released to the system in different sequences. For example, 5
different part types can have 120 (5!) different sequences. These different part

releasing patterns will result in different number of tool exchanges due to
product variety. As an example, consider the following example which represent

a high tool variety.

Tool Magazine Capacity = 3 pockets

Current magazine content = [t1,t2,t3]

Tool requirements for part types A, B and C are as follows;
A = [t4,t5] B = [t3,t5]) C = [t1,t2]

The number of tool changes are estimated below for two different sequences;

Sequence 1: A-B-C

Initial type A type B type C
Tool t1 tl t3 tl
Magazine 2 t4 t4 2
onten t3

Tools 2 t1 t3
removed t3 t4
No. of

changes 2 ] 2

Total number of tool changes due to product variety = 5
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Sequence 2: C-B-A

Initial type C type B type A
Tool t1 tl t1 t4
magazine t2 2 tS t5
onten
tools t2 t1
removed
No. of

changes 0 ] ]

Total number of tool changes due to product variety = 2

Therefore, if C-B-A sequence is selected instecad of A-B-C, the number of
tool changes due to variety can be reduced by nearly 50%. This simple
example can also reveal another important aspects in tool changing. In the

first sequence (A-B-C), at the second stage (processing type B), instead

unloading t1, tool t4 could have been taken out, then the number of tool

exchanges at the next stage is reduced. But this require some kind of look-

ahead feature in the tool unloading strategy.

2.5.4 Small Batch Sizes and Long Processing Time

As pointed out in above, when batch sizes are small and processing times are
long, the system may not reach a steady state. Due to long processing times,
transient time could be high but the system cannot reach a steady state as product

mix changes constantly due small batch sizes. Therefore in this case, real time

data must be used as the system cannot settle down to a certain state.

It is clear from the above discussion, that in this type of FMS, there are many

challenging problems to be solved. Operational problems associated with this type of

FMS are apparently not discussed in the literature.
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2.6 OBJECTIVES OF THE RESEARCH PROGRAM

There are two major objectives of the research programme;

a. To identify and evaluate FMS tool management parameters.

A number of tool management parameters will be defined and procedures will be
developed to evaluate them. These tool management parameters can be used to
identify the scale of the tooling problem of a given FMS and to generate operating

rules for the management of cutting tools.

b. To develop operatinal strategies to reduce the rate of tool exchanges.

As discussed 1n section 2.5.3, it is required to minimise the rate of tool exchanges
in high tool variety environment of FMS. A number of tool availability strategies
will be proposed and they will evaluated using data collected from a real FMS.
The rate of tool exchanges can also be controlled by selecting the parts (for

immediate processing) in a logical manner. A novel technique which uses real

time data will be developed to solve the part selection problem.

It is expected that a model of the system which can mimic the tool handling within
the system will be useful at various stages of the research programme. Firstly, a

comprehensive part flow simulator will be devloped and then it will be enhanced to

capture tooling aspects of the system.

Each major stage of the research programme will be supplemented by a comprehensive

literature survey.
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CHAPTER3

A FLEXIBLE MANUFACTURING SYSTEM

3.1 INTRODUCTION

The integration of various production sub-systems in modern manufacturing systems
has increased the level of complexity of operational aspects. A sound understanding
of the interactions between these sub-systems is vital before the associated operational
problem can be solved. This can be partly achieved through a detailed study of a

real FMS.

Furthermore, data from a real FMS can provide a realistic test bed for strategies

developed during the research. It is specially difficult to create a hypothetical database

for a tooling system.

An excellent example which portrays the type of FMS being studied, exists within
local industry. Major features and operational aspects of this system are presented in

this chapter. The data which drives the system are also explained.

3.2 THE COMPANY AND THE PRODUCTS

The group of companies involved is one of the largest manufacturer of mining machines

in Western Europe, supplying equipment to most of coal producing countries of the

world. The five companies and thirteen factories are spread over four continents
[Anderson Strathclyde Plc 1986]. The Scottish based company produces coal cutting
machines [Fig. 3.1] and employs more than 700 on a 21 acre site with 35,000 sq.

ft. of buildings. This factory has a high investment in machine tools and modern

manufacturing facilities.

The coal cutters, the main product, are produced in a varniety of sizes and configurations
to suit different mining conditions. They are driven by electric motors of up to 1

Megawatt installed power and weigh 40 tonnes. The machine consists of a series of
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Figure 3.1 The Coal Cutters (Courtesy of Anderson Strathclyde Pic.)
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modular units comprising electric motors, gear boxes, haulage winches, power pack

etc. Units are generally made out of cast steel and weigh upto 2 1/2 tonnes.

The art of coal cutter designing is to make the most powerful possible machine within
the most compact dimensions. Since the equipment’s dimensions determine the mining
parameters, saving inches is a primary objective at the design stage. This however
produces a challenge to the production engineer due to the very complex nature of

castings and operations.
The total output of units is approximately 1000 units/annum in nearly 30 varieties.

3.3 EVOLUTION OF A FLEXIBLE MANUFACTURING SYSTEM

In early days the major asset of the company was a cluster of conventional horizontal
boring machines. Forty five horizontal borers working double shifts were required and
the machining time for each casting was approximately 160 hours. Another 20 borers
were required for other types of work. The company houses 42 borers and obtained

the balance of machines from the other factories of the group or sub-contractors. The

resulting lead time was approximately six months.

In parallel with advances in manufacturing technology, the company gradually acquired
some NC and CNC machines. This battery of automated machines has halved the
machining time and the lead time [Fig. 3.2]. More importantly the company also

gained experience in the automation of production facilities and use of computers in

managing them.

However, the company reckoned that further improvements were necessary to survive
in a competitive international market. The major aims were to reduce the lead time
further, improve product quality and to absorb design alternatives and new products
with minimum re-tooling. At this stage, the company had two alternatives. Firstly, to
re-equip the company with some more CNC borers. Certain drawbacks of this approach
were recognized. The most complex casting needed 200-300 tools beyond the capacity

of individual machines. And various mixes of products would necessitate considerable
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tool re-setting. The more radical solution was to acquire a FMS. By this time FMSs

were coming on stream, particularly in USA and Japan.

Having recognized the advantages of flexible manufacture, a major program was

launched to acquire an FMS. This has been now realized after several years of

extensive design, planning, installation and commissioning.

34 THE FLEXIBLE MANUFACTURING SYSTEM

The outcome of the massive investment of £7.5 million is shown in Figure 3.3. Stecke
and Browne [1984] recognize this as a true FMS (FMS/AGYV) in their classification
of FMSs. The processing sub-system consists of 5 identical machining centres and
one dedicated machining centre to handle special operations which require manual
intervention and special tools. The five machining centres incorporate 100 capacity
tool magazines. Each workstation has two local buffer positions. Two load/unload

stations act as the interface between the system and outside. All pallet stands are

served by an addressable AGV. The system is controlled by a PDP 11/44 mini-computer.

The executive computer is programmed to operate from data files prepared by the

user (Figure 3.4) [Anderson Strathclyde Plc. 1982]. Prior to the discussion of operational

aspects of this system, the structure of these data files are explained.

3.5 OPERATIONAL DATA FILES

In order to produce parts, the data file consisting of their processing characteristics
and tool requirements etc, must be made available to the executive computer. For
example, part route information is required to select the next workstation. The user
can enter this data using the system editor. Optionally the data can be down loaded

from a separate computer. The following is the brief discussion on the required files.
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3.5.1 Part Requirement File

The part requirement file is a list of part types and their required quantities. This

information is basically used to select the next part type for loading. The default

part selection strategy works on the following principle.

Step (1):

Calculate the following ratio for each part in the production requirement file;

f ken for pr 10N
(No. of parts required)

If none of the parts of a certain type has been released to the system, then
the ratio becomes zero. If all part types have been taken for production, it

value 1s one. For a given type this ratio varies linearly between 0 and 1.

Step (2):
Select the next part type with lowest value for the above ratio.

Step (3):

Find the correct fixture for the selected type. If the fixture not found, go to

step (2).

The executive computer selects a part type for immediate loading based on the

above algorithm and inform the load/unload station operator via the terminal.

3.5.2 Part Route Files

A part route file must exist for every part type which is to be produced. The part
route file contains information relating to the path that the part takes through the

FMS and various operations performed on it at workstations. Figure 3.5 shows
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the content of a typical part route file and the following discussion is based on

it.

The operation number consists of two parts in the format of XX.YY. XX represents
the fixture stage (this is known as base operation number) which can takes value
10,20,30 ... etc. To complete all operations on this part type require 4 different
fixture settings ( the last fixture stage number is 40). YY component is the
operation sequence number. Next to the operation number is the station number

which are shown in the figure 3.5. The next two data fields show the part program
file name and tooling required file name. These two fields have some values for

all workstations except for station number 3. This workstation does not have a

tool magazine and tools are loaded manually. The last field in the record is the

estimated processing time.

The corresponding part program file and tooling required files are down loaded

from the executive computer to the CNC controller, before the processing cycle

begins.

A set of alternative workstations for a given operation 1s shown by records with

similar operation numbers but with different workstation number. This structure

allows the user to change machine groups very easily. For the part type shown

in Figure 3.5 there are two data records for operation 10.10, i.e it can be carried

out at station 4 or 5.

3.5.3 Part Program files

These are ASCII or EIA files in CNC format containing the part program data
for each operation. These part programs are written by NC programmers. One of
the most difficult aspects in NC programming in this system is program proving.

Although the company uses computer assisted techniques (off-line), complexity of

these parts does not allow on-line program proving to be completely eliminated.
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3.5.4 Tooling Required Files

These are lists of tools required for each part program to be executed on the

system (Figure 3.6). Each entry consists of the tool number as used in the part

program, the tool identifier and the tool wear increments incurred by that tool.

3.5.5 Fixture/ Base Operation Data file

As explained above, parts require multiple fixture settings and each stage is denoted
by 1ts base operation number. One or more fixtures can be assigned to each base
operation number. When a part is selected for immediate loading, its current base
operation number is first checked and fixture numbers assigned to this base operation

number are retrieved. If any of the suitable fixtures is available, then the part can

be taken for immediate loading.

It is clear that an FMS can create a massive database and accurate, efficient data
management is very essential. As most of the data are entered by the user, an

intelligent, comprehensive data validation schema would be required to reduce possible

human errors.

3.6 SYSTEM OPERATION

The executive computer controls and monitors all sub- systems of the FMS and makes

strategic decisions regarding part selection, part routing, AGV assignments etc. All

workstations and the material handling system are controlled by CNC or PC units,

which allow automatic or manual operation.

The life cycle of a part begins with the directives from the executive computer which
suggest the next part to be loaded [Figure 3.7]. However, in order to meet exceptional
requirements, the user is allowed to override this decision. Having selected the next
part to be released, it is fixtured at a separate bench. Since parts are heavy, a secondary

material handling system (a crane) is used in all part handling at load/unload area.
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When an empty pallet becomes available at a load/unload station, the fixtured part is
palletized. This can take 15 - 30 minutes for a typical part. Once the part is properly

placed, the operator will inform the executive, via the terminal, that the part has been

loaded.

When the executive computer has decided to move the part, it passes the instructions
to the material handling system. Once the command is delegated, the responsibility
for implementing lies with the material handling system controller. The executive
computer monitors the state but will not issue other commands until it is informed
that the last command is complete. The executive computer will inform the system
operator of any MHS errors. The system has pallet ID readers and the executive

compares the data received from these with its own data. If these disagree, the

executive will halt operations associated with /pallets involved.

(R
When the part is successfully delivered to the target workstation, the part is transferred

to the in-shuttle of the workstation and when it remains there until the machine is

ready to accept it.

The executive is responsible for issuing instructions to the workstations to move parts
between shuttles and the machine table. When parts are transferring on to the machine
table, the program file, tooling offsets, and any other required data are transmitted.
When these items are completed, the executive issues a cycle start command. The

CNC 1s then responsible for executing the part program and informing the executive
when it is complete. Should the machine halt, an operator is required to determine
the cause, correct the problem and restart the machine. For most errors, a waming
beacon will be activated at the machine to attract attention. Once the program

complete notice is received by the executive, it will instruct the workstation to move

the finished part to the off-shuttle. If the off-shuttle is blocked by another pallet, the

part remains on the machine table, until the off-shuttle 1s cleared.

Once the part is moved to the off-shuttle, the executive will identify the next operation

and assign a workstation. The part is then moved to the next station.
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There are certain parts which require resetting on the same fixture between operations.
These parts are delivered to the load/unload station at the appropriate stage and

reorientation of parts are carried out at the load/unload station.

When all operations are complete on the current fixture, the part is unloaded and
de-fixtured. If further operations on the part are left, it is loaded again when the
required fixture becomes available and any other requirements are met. More information
about the system operation can be found in [Capes 1984, Findlay 1982, McBean
1982].

3.7 TOOLING ASPECTS

In the above discussion, the tooling considerations were ignored to simplify the

discussion. In the following the executive tasks related with tooling are explained.

The executive computer records the wear incurred by each tool during the execution
of a part program. Estimates of tool wear are submitted in the tooling required file
associated with the part program. When cycle start command is issued, the estimated
wear values are added to the accumulated wear total of the machine tooling status
file for each tool used by the part program. Also contained in the machine tooling
status file are Warning Point Limit and Maximum Wear Limit. When a part is
considered for routing to a machine, the executive compares the tooling required with
the existing tooling. If all needed tools are present, the tool wear Iimits are then
compared with current wear plus predicted wear. If the warning point limit 1s not
exceeded, the part is assigned to the machine. If the warning point limit 1s exceeded,
but not the maximum wear point, the part will be assigned to the machine and a
tool wear warning is printed in the toolroom. If the maximum wear limit is exceeded,
a tool wear waming is printed and the part will not be routed to the machine unless
the operator requests this. If requested, the part will remain in the on-shuttle queue

of the machine. It will not be transferred to the machine table until the executive is

told that the tool has been replaced and the tool wear interlock 1s satisfied.
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3.8 MANAGEMENT INFORMATION SYSTEMS

It 1s vital that in any manufacturing system performance is analysed and fed back to
the management to take necessary actions to improve the system performance. The
executive computer keeps a log of all significant events relating to workstations,

material handling system, pallets and parts, tooling etc. These are stored on disc. The

logs are used for generating MIS reports as described below;

a. MIS Reports

The MIS indicate part performance, pallet performance, operation performance,

station utilization and time between operations. These reports are designed to be

used to analyze and improve line performance.

b. Maintenance Scheduling

The executive has the capability of printing, on a scheduled basis, a list of
preventive maintenance items. These items are a part of a data file (entered by

the user) that describes the maintenance to be performed and the frequency that

the maintenance must be performed.

¢. System Diagnosis

The executive is used as an aid in problem diagnosis in several ways. Communications
with the workstations use error checking and correction techniques and are monitored

on a regular basis to ensurethat the links are intact. Workstation and MHS errors

are reported to the executive and are logged for analysis later.

3.9 PART CHARACTERISTICS

The nature of operational problems of an FMS are partly attributed by part characteristics
such as the number of operations per part, tool requirements etc. For example, in
some FMSs, for a given part, all operations can be performed at a single workstation,

therefore the routing problem does not arise. At the other extreme, there may be parts

37



ued 19d suonesadO jo "ON }0 uoiNQUISIq 9yl g'¢c ainbi4

su0:3osado Buiind 40 4aqunu 19303 = )

(SuU0:L 035 POONN/PDO) 30) Su03043d0 Dulyasad 340 OV = Y

(E u01303S 30 3dadxay suo3ouado Buynd 40 ou = J

(£ 'Ou ‘U3S) UDII0ISHUOM (01D3dS a8y} 30 SUOI3VLSCO 40 ‘Ou n.u

38



|

¢

NN F §
Ng:

Station 4 & 5

39

Figure 3.9 The Distribution of Processing Times



with a large number of operations and several fixture settings may be required. This

would create more complex operational problems. In the following, the characteristics

of parts of the system being studied are explained.

3.9.1 Number of Operations and Number of Fixture Settings

The distribution of operations per part is shown in Figure 3.8. The following

conclusions were drawn from these data.

a. Operations at fixture stage no. 2 create more complex part routing patterns as
most resetting operations on the same fixture are carried out at this stage (for

resetting the part is delivered to load/unload station). These may create deadlocks

in material flow at load/unload stations.

b. All parts require two or more separate fixture settings. If number of fixtures

assigned to each stage are limited, parts will have to wait considerably long

times for fixtures.

3.9.2 Processing Times

The distribution of operation times at workstations are shown in Figure 3.9 (

data for station no. 3 are excluded from this discussion as these figures are
affected by manual intervention). The following conclusions are evident from these

data.

a. High machine utilization figures can be expected for workstations 4 and 5 as

average processing times are relatively high.

b. The processing time range is very high (from 10 mins. to 432 mins.) and

average waiting time for a given workstation may vary quite drastically.
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3.9.3 Tool Requirements

The distribution of the number of tools required per operation is shown in Figure
3.10 . On average nearly 18 tools are required to complete an operation. If none

of tools required for given product mix can be loaded, in the worst case nearly

50 tools have to be exchanged.

3.10 BENEFITS SO FAR

The major achievements are reduced lead times and inventory. Moving from conventional

to CNC achieved a 50% reduction in lead times. A further 50% improvement has

been realized through flexible manufacture.

The reductions in inventory has released £12 M of working capital which is almost

enough to buy two FMSs of the same size.

The quality of products has improved. The human element has been reduced and

manufacturing times are more consistent. The company argues that the financial saving

were sufficient to make the project viable and take no account of other hidden benefits.

3.11 POTENTIAL PROBLEM AREAS

As explained in chapter 1 most of the production planning problem are left to the
user. Particularly in this system, these problems are severely constrained by tooling

and fixtures. The following are recognized as major operational problems.

a. Part Selection for Immediate Processing.

Although the executive computer suggests next part to be loaded, its computational

logic ignores the most important constraint, tooling. Thus a more comprehensive

operational strategy must be devised to solve this problem.
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b. Operation Assignment Problem

At present the company employs a static machine grouping configuration, i.e. each

machine has been assigned the same set of operations, irrespective of changes in
product mix. This fixed operation strategy causes under-utilization of some
workstations. It is anticipated that a dynamic ‘machine grouping strategy, which

depends on the current product mix, would improve the system performance.

Apart from these two major problem areas, it is necessary to develop strategies to

react to random failures of system components. Further practical problems associated

with this system is discussed in [Perera and Carrie 1987(a)].

3.12 CONCLUSION

Although the system architecture is simple (i.e. a linear AGV layout and six identical

workstations )the production planning and control problems are very complex. They

are highly constrained by tooling and fixtures.

This system includes all essential features of a true FMS. 'Fu;ﬂlénnorc, it has a most
complicated routing sequence ( multi-fixture, multi operations on each fixture ). Its

data can be used to test the effectiveness of any operational strategies developed

during this research.
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CHAPTER 4

MODELLING FLEXIBLE MANUFACTURING SYSTEMS

4.1 INTRODUCTION

The traditional approach of extrapolating past experience in order to predict the
performance of a manufacturing facility has been found to be quite inadequate for
automated manufacturing systems. The need to identify the key factors which influence
the system performance has led to the development of simulation systems and analytical
models which can assist system designers and users of highly automated systems. In
this chapter basic modelling approaches are reviewed and their application domains

and limitations are discussed. The factors which influenced the selection of a modelling

approach for the FMS under investigation are explained.

4.2 DIFFERENCES BETWEEN JOB SHOPS AND FLEXIBLE
MANUFACTURING SYSTEMS

In job shops historical data in conjunction with experience about the system are
widely used to predict the system performance. For example, an experienced production
supervisor can estimate the lead time for a given job quite accurately. However this
type of perfunctory approach cannot be extended to embrace FMSs due to great

differences that exist between informal job shops and formal flexible manufacturing

systems;

a. Highly Integrated Components

In job shops, production facilities are used as stand alone resources. Workstations
are individually loaded to match pre- determined work requirements. But in FMS,

all production resources are linked and operated as a system, therefore the level

of interaction between sub-systems is very high.
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b. Large Number of Candidate Decisions

In job shops, operational problems are solved at local level, therefore one cannot

expect a large number of alternative solutions. But in contrast, most of the decisions
related to operational problem of FMS are taken at the system level and the

number of alternatives may be enormous due to the variety of flexibilities built

Into the system. In general, the number of alternatives rises exponentially with the

level of flexibility.

¢. Limited Resources due to Efficiency Requirements

In job shops a battery of machines is used to manufacture parts and the utilization
of resources is low. One of the major objectives of FMS 1is to reach higher
utilization while retaining the flexibility of job shops. Thus the amount of available

resources available to achieve higher utilization through flexible manufacture is

limited.
d. Multiple Objectives

Although achieving multiple objectives is desirable, in job shops the number of

objectives are narrowed down to a few such as due date achievement, work load
balancing etc. In FMS, however, a proper balance of multiple objectives must

be struck to create a financially viable proposition.

e. Limited Slack in Decision Alternation

Since FMS is operated as a system, once a decision is taken and implemented,
it is difficult to change it at an intermediate stage. For example, when a workpiece

1s released to the system, it would not be taken out of the system, until all

operations are completed. Such restrictions do not prevail in job shops.
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f. Less Manual Intervention

There are few humans in the system to correct or modify operations due to

unexpected changes in conditions. In fact, even an experienced supervisor or

manager would have difficulty in perceiving all the consequences of any given

decision in an FMS.

The modelling of a manufacturing system is not a new concept. However in job
shops, modelling may involve a large number of probabilistic variables and an
enormous number of experiments need to be carried out to filter effects of these

random variations. Thus in many occasions they do not provide accurate results.

On the other hand FMS create an ideal environment for near perfect modelling, the
logic which governs the system is clearly defined in advance and most of the parameters
are deterministic. But the great challenge to the model builder is that complex logic

rules need to be built into the system to mimic the integration effects.

43 A REVIEW OF EVALUATIVE MODELS

Suri [1985] suggests that models can be classified according to their use;

a. Generative (prescriptive) models

These models are invoked by a set of objectives and can provide the best solution

or a set of good solutions. They are generally based on mathematical models such

as linear programming models. Although they can resolve complex problems quickly,

they are quite inflexible i.e. a great modification of the model may be required

in order to apply the same model to a different system.

b. Evaluative (descriptive) models

These models can evaluate a given set of decisions. Although models are flexible,

finding good decisions may be time consuming.
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Though generative models are very effective in solving complex problems, their
inability to absorb variations in operating complexities hinders widespread application
in industry. Nor do they provide an opportunity to the decision maker to understand
the system behaviour. In contrast, evaluative models are more of a tool to help the
decision maker to improve his or her intuition about the system; they provide insight
rather than decisions. Therefore it has been recognized that that evaluative models

will play a major role in design, planning and operation of FMS.

The following classes of models are widely used in analyzing FMSs. For each approach,
the underlying technique, application domain, advantages and disadvantages are discussed.
Detailed information about evaluative models can be found in the literature [Wilhelm

et al. 1983, O’Grady and Menon 1985, Buzzacot 1985, Glenney and Mackulal 1985
Choobineh and Suri 1986, Gershwin et al. 1986]

4.3.1 Static Allocation Models

This is the simplest approach among the all modelling techniques. Basically the
principle of superimposition is used to estimate the system performance. In the
case of manufacturing system modelling, given the production requirements, the
total amount of allocated loads are computed by adding up work loads due to

individual orders. For example, the following formula can be used to estimate

machine utilization.

Workstation Utilization = Y, (pr ingtime)X
Workstation available time

This technique is used in SPAR module of the MAST simulation package [CMS
Research Inc. 1988].

The major drawback is that the model ignores the dynamic interactions of the

system. In more complex systems, it can be much too coarse a tool and seriously

overestimate the system performance, leading to unexpected results when more

47



comprehensive models are used. However, it can detect inferior alternatives quickly,

thus avoiding unnecessary detailed simulation of infeasible solutions.

4.3.2 Queuing Network Models

In this modelling perspective, the manufacturing system is viewed as a network

of workstations, through which parts circulate and receive service. Each workstation

1s composed of a queue and set of servers.

Jackson [1957] initiated research on queuing models by defining general
characteristics of a network model and subsequently he extended original work to

a broader class of networks [1963]. The resulting model was applied to investigate
various aspects of job shops. Based on concepts provided by Gordon and Newell
[1967], Piosner and Bernhotz [1968] and computational algorithm provided by
Buzen [1973], Solberg [1977] was among the first to formulate a queuing network
model CANQ of FMS type facilities. The basic assumptions of the model are;

a. The total number of jobs in the system is fixed.

b. All stations with FCFS queue discipline; the service time  distribution is

exponential.

c. All stations have local storage large enough to accommodate all jobs (i.e.

no blockages).

d. Machines are always available for processing jobs.

Solberg’s CANQ package [Solberg 1980] has been widely used for preliminary
design of FMS and to study some of the issues in production planning and control

[Buzacott and Shanthikumar, 1980, Stecke and Solberg 1981, Stecke 1983, Stecke
and Solberg 1985]. These models have been further enhanced to incorporate some

realistic features of FMS such as limited buffer storage and system blockages [Yao

and Buzacot 1986, Suri and Deihl 1986, Dallery 1986, Yao and Buzacot 1987].
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More recently, Suri-and others [Suri et al. 1986] developed the MANUPLAN

package based on queuing network modelling.

The performance measures derived from these models can have a large number
of terms. One group of computational algorithms is concerned with developing
methods of efficiently evaluating these formulae. The best known of these approaches
1s mean variance analysis (MVA) [Reiser and Lavenbey 1980, Suri and Hilderbrant
1984]. Applications of this technique can be found in [Shalev- oren et al. 1985,

Cavallie and Dubois 1982]. Another related technique is based on operational

analysis [Surt 1981, Mainone et al.1985]

Despite these developments, the following features of FMS which may not be

represented in the queuing network model include;

a. random arrivals of orders

b. time dependent routing and scheduling decisions

¢. central storage

d. interference between transportation facilities.

4.3.3 Simulation

Within the context of manufacturing system modelling, simulation refers specially

to computer based discrete event simulation. This has been established as the most
powerful and versatile technique and it is widely used by system designers, users
and researchers etc.. As far as the simulation of manufacturing systems are concerned,

three different scenarios exist. In the following these alternative approaches are

discussed. More detailed information can be found in [Talavage 1981, Bevans

1982, Pidd 1984, Glenney and Mackulal 1985, Rahnajet 1986, Carrie 1984, Carrie
1988]
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a. Simulation Languages

This is the most popular option among these alternatives. The model of the
system 1s coded in simulation language syntax by the user. Some of the most
widely known languages are GPSS [Kahan 1981, Schriber 1985)], ECSL
[Clemenston 1983], SIMAN [Pedgen 1988] SIMSCRIPT [Markowitz et al.
1963), and RESQ [Chow et al. 1985] etc. Most of them now provide facilities
for graphical animation. Some of them have special features to speed up the

modelling process (eg. SIMAN [Johnson and Poorte 1988], IMMS [Engelke et
al. 1985] ).

Though simulation languages are easier to learn and apply than general purpose
programming languages (e.g. FORTRAN, PASCAL ), yet someone without
simulation background may find it difficult. A novice can be easily introduced
to simulation with the assistance of a program generator [Paul and Doukidis
1986]. These user-friendly, in some cases intelligent, programs act as a pre-

processor which build up the model, through user interaction. A popular code

generator 1s CAPS (for ECSL).

b. Simulation Packages

These are generally made up of a library of program routines for the essential
features of any simulation project, such as time advancing, statistics collection
and entity handling etc. The logical aspects of the system is coded by the
user, in the associated programming language. The GASP package (associated
programming language FORTRAN) [Pritsker 1975] is a well known system.
Another notable package is SIMON [Mathewson 1984] which is supported by
a program generator, DRAFT [Mathewson 1985].

¢. Generic Simulators

These packages usually require no knowledge of specialist languages on the

part of the model builder. A simulator is an already validated model which is
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driven by a data file containing system characteristics, such as number of
workstations, transport layout, and decision rules etc. Well known simulators

are MAST [Lenz 1983, CMS Research Inc. 1988] an enhanced version of
GCMS [Lenz and Talavage 1977] and MAP/1 [Roston 1985]. Another simulator

KOSMO [Wakai et al. 1986] has been developed in Japan.

Comparison of general features of these alternatives are discussed in [Rahnajet
1986, Mills 1985] . Simulation can used to analyse variety of problems, and

some 1nteresting applications can be found in [Makin 1986, Lenz 1986).

4.3.4 Perturbation Analysis (PA)

This relatively new approach was invented to solve some design problems of
production lines. Perturbation Analysis works by observing a single experiment on
the system, called the Nominal Experiment. It can be a simulation experiment or
a series of observations of the system. By doing some minor additional calculations,

while the system is being observed, PA can predict the system behaviour due to

minute perturbations in the system. The important point is that it 1S not necessary
to re-run simulation as all the predictions are obtained from one setting. More

details and application of this can be found in [Suri and Dillie 1984, Ho 1985].

4.4 A MODELLING TECHNIQUE FOR THE SELECTED FMS TYPE

The selection of a modelling technique for a given system is generally regarded as

a difficult task, as each technique has its own merits. In the context of this research

work, the modelling technique must possess :-

a. The ability to model essential features of FMS such as system blockages,

complex decision rules, etc.

b. The ability to model constraints imposed by production ancillanies, such

as fixtures, pallets etc.

¢. The ability to predict system performance in transient periods.
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d. The ability to model tool flow within the system.

As static allocation models ignore dynamic interactions between sub-systems, these

would not be appropriate to solve problems at operational level.

Although queuing network models can capture some realistic features of FMS. They
have little application potential in the type of FMS under investigation and cannot

meet the above pre- conditions (a),(c),(d).

Though Perturbation Analysis appears to be a promising technique, it cannot however,

deal with extensive disturbances of system parameters and tooling aspects of FMS.

Thus it is clear from the above discussion that only simulation can capture the essential

complexities of the selected FMS type. Simulation is the only approach which can

model tool flow.

4.5 SIMULATION OF PART FLOW WITHIN A FLEXIBLE MANUFACTURING
SYSTEM

In most FMSs, particularly in high tool variety environment, the tool flow within the
system 1s governed by the part flow. Therefore it is absolutely necessary to get the
simulation model of the part flow correct, in the first place. In the following section
various simulation approaches used, problems encountered and remedial actions adopted

are described referring to the simulation of the FMS mentioned in Chapter 3.

4.5.1 On the Accuracy of the Control Logic

The most difficult task in any FMS simulation exercise is to decide the proper

control logic for sub-systems and they can vary from one system to another. This

1s one of the major factors which hinders the development of an universal simulator

for FMS. If an existing system is studied, the control logic may be available to
the modeller. But in some cases vendors of FMS do not provide details of operating
policies, even surprisingly to the buyer. Perhaps vendors would not like to see an

outsider revealing some inefficiencies of control software which are not generally
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bug free. One such deficiency in the control logic of the system under investigation
was reported by Carrie [1983(a)], in association with system blockages. Thus it
1s essential to check the completeness of the control logic and its ability to respond

to variations in system parameters such as part routing data [Perera 1988(b)].

4.5.2 ECSL-based Model and Its Limitations

As an outcome of a previous research programme [Adhami 1983], a ECSL based
simulation model was available at the beginning of this research work. A broad
knowledge about the system behaviour was acquired by executing the model under

various test environments. Observations of previous researchers can be found in

[Carrie et al. 1983(b)].

During these preliminary simulation exercises, the following major observations

were made.

a. Excessive number of pallet movements

As stated in the Chapter 3, one of the special feature of this system is that
empty pallets are circulated within the system. Consequently, the control software
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