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AN INVESTIGATION INTQO TOOLING REQUIREMENTS AND STRATEGIES FOR FMS
OPERATION

By
S. C, Silva

Abstract

A study of the minimum tooling requirements and strategies for efficient
operation of Flexible Manufacturing Systems, FMS's, in Assembly set
Production, ASP, i.e production in sets of parts to completely assembie one or
more product units, is presented in this research work.

The main investigating tool is a simulation model. With this mode! the tool
groups to be loaded into machines and fixtured pallet reciuircmcnts were
studied in conjunction with two scheduling rules. One is a FCFS rule and the
other is a new rule, called MRPAS, which schedules work on the basis of the
number of parts still unfinished belonging to an Assembly Set.

The resuits of the research work show that ASP can be cfficiently carried
out in FMS's. However this requires that a good system set-up and adequate
operating strategies are used. In particular appropriate tooling levels and
good tooling configurations,TC's, i.e. combinations of tools in groups to be
loaded into the machines, must be established to achieve high FMS
performance. Tooling combination and duplicatioh heuristic rules and the
simulation model can be used for achieving this aim. The heuristic approach
is shown to be necessary due to the impossibility, in a reasonable time, of
evaluating the performance of FMS's under the large number of alternative
tooling configurations which are possible.

The level of fixtured pallets used can also have a great influence on system
performance. Appropriate levels of these resources to operate FMS's for
given TC's can be established using the methodology developed in this work.

It is also important that good scheduling rules are used. In the cases studied,
the MRPAS rule produces the best performance expressed as the
combination of FMS utilization and production of complete assembly sets.

Moreover a very small assembly set batch size, ASBS, i.e. number of AS
released together into the FMS, is likely to be preferable. In the cases studied
an ASBS of one performed best overail.
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Synopsis

Flexible Manufacturing Systems, FMS's, are suitable for small batch
production. The high manufacturing flexibility of these systems suggests
that a variety of parts with different processing requirements can be
produced together in the same manufacturing period, say a shift or a day.
This indicates that Assembly Set Production, ASP, i.e. production in sets of
parts to completely assemble one or more product units, can be efficiently
carried-out in FMS. This production approach is considered in this work for
studying minimum tooling requirements and strategies for efficient FMS

operation,

An analytical methodology is presented for estimating the minimum
number of tools and fixtured pallets to run an FMS. The values obtained may
be useful as a first approximation to the required resources to operate FMS's

for manufacturing a given part operation mix.

However the main investigating tool is al computer simulation model. A
complex and considerably detailed simulation model of FMS's was developed.
With this model the required number and type of tools to be exchanged in
the machine spindles and different types of fixtured pallets were studied in
conjunction with two scheduling rules. One is a FCFS rule and the other is a
new rule, called MRPAS, which schedules work on the basis of the number

of parts still unfinished belonging to an Assembly Set, AS's.

Tooling configurations, TC's, i.e. the combination of tools in groups to be
loaded into the machines, are determined through the application of tooling
combination and duplication heurisiic rules and computer simulation. The
heuristic - approach is shown 1o be necessary due to the impossibility, in a
reasonable time of evaluating the performance of FMS's under the large
number of altermative tooling configurations which are possible. This
number is shown to increase enormously as the number of different tool

sets  increases.




Two differently configured FMS's are considered. One is highly flexible with
highly versatile identical machining centres, i.e all pants can be processed
by all machines. The other is less flexible with less versatile and different
machining centres. This second configuration has restrictions on the parts

which can be processed in each machine.

The results of the research work show that ASP can be efficiently carried
out in FMS, However this requires that a good system set-up and adequate
operating strategies are used. In particular appropriate tooling levels and
TC's must be established to achieve high FMS performance. Tool combination
and duplication heuristic rules can be used for achieving this aim. The level
of fixtured pallets used can also have a great influence on system
performance. Appropriate levels of these resources to operate FMS's for'
given TC's can be established using the methodology developed in this work.
It is also important that good schcduling ‘rules are used. In the cases studied,
the MRPAS rule produces the best performance expressed as the

combination of FMS utilization and production of complete assembly sets.

Morcover a very small assembly set batch size, ASBS, i.e. number of AS
released together into the FMS, is likely to be preferable. In the cases
studied ASBS of one performed best overall .

It is also shown that an optimal work load level can be found after which
system performance does not improve. On the contrary, performance
deteriorates as the workload increases since work in progress and

throughput time increase.
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CHAPTER 1 - INTRODUCTION

In general, a Flexible Manufacturing System, FMS, can be described as a set
of Numerical Control, NC, workstations and possibly other auxiliary
stations linked by a material handling system, to manufacture a variety of

parts, with overall operation under computer control.

This new generation of Automated Batch Manufacturing Systems, ABMS,
has been with us for more then two decades!37.30 However, although the
basic technology used by such systems has been available for some time
difficulties still exist in the integration of FMS elements, in FMS design and

in the design of strategies and procedures for efficient FMS operation,

Part loading and control of the work and tool flow are major functions
influencing the efficiency of FMS operation. The number of available tools
and the way they are combined to be loaded into machines imposes
testrictions on manufacturing control decisions’ which affect FMS

performance,

There are quite a number of variations on tooling systems and tooling
organization which can be adopted in FMS. However, many of them use the
strategy of exchanging sets of tools in the magazines of machines or

simply exchanging loaded magazines themselves.

In such cases it appears that the combination of the tools for replacement
according to part processing requirements is critical to efficient system
operation. This is due not omly to the fact that tool availability and
grouping configuration in conjunction with machine versatility
ultimately defines the degree of part routing flexibility but also because
the number of tools necessary to run a system and the tool replacement

frequency can be dependent on the way tools are combined and organized.

It is pertinent therefore to investigate and find methods of deciding the
minimum number of tools and their appropriate combination to run an

FMS to carry out production of a given part-operation mix.

This is a problem which can be seen firstly as a detailed design one by
defining the required number of tools of each type and secondly as a FMS

operation problem encompassing the establishment of the best tool




grouping configuration to manufacture a given part mix in order to

achieve good FMS performance,

Thus this research work has the objective of designing a methodology to
solve these two problems in the context of prismatic parts production with
particular attention given to Assembly Set Production, ASP, chapter 4, as

opposed to traditional batch production.

Moreover, the work studies the use of the potential diversity of part
routing, usually provided by FMS, as a way of finding good schedules for
FMS operation taking into account the objective of minimising the number

of tools required for high levels of system performance.

Due to the great difficulty of determining all tooling configurations from
the amount of tools available and evaluating their efficiency in
contributing to FMS performance objectives, heuristics are devised to

indicate good tooling configurations to process a given part mix.

The problem of defining the necessary type and number of pallets and

fixtures is also investigated.
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CHAPTER 2 - CONCEPTUAL FRAMEWCRK
2.1 FMS CONCEPTS
2.1.1 Definitions

In 1967 Dozalek!14 used the term Flexible Manufacturing System to refer
to a number of machines interlinked through common control and
- transport systems in such a way that automatic manufacture of different
workpieces requiring a variety of different operations could be carried
out. This definition still applies today as a general definition of a2 Flexible

Manufacturing * System, FMS.

Groover42 centres his definition on the flexibility of part processing
defining FMS as "A manufacturing system consisting of numerical control
(NC) machines connected by an automated material handling system, It is
operated under computer control and capable of simultaneously
processing a family of parts in low to medium demand volume, different

process cycles and operation sequences.”

However l's’.anky88 emphasizes the computer data processing aspect and
extends the FMS concept to assembly, stating that "a Flexible
Manufacturing System (FMS), may be defined as a system dealing with
high level of distributed data processing and automated material flow
using computer controlled machines, assembly cells, industrial robots,
inspection machines, and so on, together with computer integrated

material handling and storage systems”.

2.1.2 Classes of FMS's

Broadly three classes of systems for flexible manufacture can be

distinguished:
- Flexible Manufacturing Systems, FMS
- Flexible Transfer Lines, FTL and

- Flexible Manufacturing Cells, FMC
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Figure 2.1 illustrates the applicability of the three general concepts in the
context of productivity, defined as the part output per processing time
unit, flexibility for casy adaptation to production of different part mixes,
batch size of identical parts and workpiece variety which usually can be

dealt with in the same manufacturing period of say one day.

FMS and FTL have important differences in their work flow structures.
FTL's essentially process work in a sequential manner, ie. parts foliow one
another unidirectionally from one machine to the next machine in a fixed
sequence through all or some of the machines in the line. Schematic
representations of FTL's are shown in figure 2.2 (a). FTL's most frequently

use roller conveyors for transporting workpieces between stations.

Flexibility in FTL's is achieved through the use of NC stations, local

workpiece buffers, and bypasses at some workstations in the {ine, NC

machines are characteristic of all FMS's. However these FTL's may also

include some conventional automatic, i.e. non NC, machines.

The class of FMS's is distinguishable from FTL's mainly because parts to be
processed can access randomly any machine in the system. This is
achieved through variations on the FMS work flow structure, as figure 2.2
(b) illustrates. Flexibility of the system is also enhanced through the wide

use of machining centres, section 2,1.5.

A FMC is characterized by having a single versatile Computerized NC, CNC,
machining centre, MC125.97, cither for rotationai work, in which case is
usually referred to as a turning centre or tumning system, or for prismatic
work, The FMC machining centre has its own dedicated local part/pallet
storage, transport and handling system and aiso local tool storage and tool
bhandling system. A reasonably large storage capacity for tools can be
usually provided if necessary. This is necessary for maintaining
unmanned work for long periods. FMC frequently have a local work
storage capacity for one or a few shifts. When pallets are used usually a
capacity up to 20 or more pallets can be available. Figure 2.3 shows typical

FMC's for prismatic parts and figure 5.267 shows a FMC for rotational parts.




FMS's consisting of a few machines arranged in a circle like layout, with
parts loaded/unloaded from machines by an Industrial Robot have also

been referred to as FMC's.

2.1.3 Costs

Initial and operating costs of FMS's are usually high when compared with
non automated systems. A complete FMS installation with 10 machines may
easily cost $10 million34 . Of the total cost, it is estimated that on average
machines may co'st 50%, fixtures pallets and tooling 25%, transport and
material handling 10%, software and control 8% and engineering service
7%. Labor costs, tooling and maintenance are the most significant
operating cost items in an FMS54 | These cost estimations point to the
importance of pallets, fixtures and tools in both the design and operation

of FMS. This coastitutes a central aspect studied in this research work.

2.1.3 Advantages of FMS

Advantage of FMS in achieving high levels of performance in batch
manufacture and of providing high flexibility at many levels justifies the
use of FMS by a firm. In relation to traditional batch manufacturing
systems, TBMS, i.e. manufacturing systems manually controlled and
operated with stand alone NC and other machines, typical advantages from

using FMS are:
1 - Higher machine utilization, U.

A much higher utilization is possible in FMS than in TBMS,
primarily because of reduced set-up requirements, and as a
consequence a lower number of machines is necessary for

satisfying a certain demand.

2 - Lower job throughput time.




Average job throughput time with an FMS can be very much
shorter than with 2 TBMS, This can lead to substantial reductions in

order delivery times.
3 - Low levels of work-in-progress, w.i.p.

W.IP. can be substantially lower than in TBMS because of the
possibility of FMS's being able to efficiently manufacture smaller
batch sizes and also because the number of machines in an FMS will
‘be much lower than in TBMS62

4 - Space savings

The smaller number of workstations required usually allows space
savings and consequently savings in costs. In addition there are cost
savings in transport of materials, e¢.g. as workpieces, pallets and

tools, during the system's operating life.
5 - Unmanned operation

FMS's are more suitable for 24 hour a day operation because of the
possibility of urmanned or partially unmanned production being

carried out for one or more shifts a day.

When compared with a TBMS which may operate only on a one or
two shift basis, this ability of FMS's to operate continuously provides
more intensive use of the equipment, This helps minimize the pay
back period on FMS's. Furthermore, these systems, which have the
inherent capability of operating for substantial periods without
human intervention, will be less affected by operator absence than
TBMS.

6 - Consistent quality
This is a by product of the use of NC machines.
7 - Part mix and product design changes.

The flexibility at various system levels, primarily that provided by
low set-up times and NC control of machines, means that changes in

part mix and in product design can easily be implemented in FMS.




In general the advantages referred to above highly contribute to the
overall better performance of FMS's relatively to TBMS's. This is due to the
combination of aspects such as the possibility of delivering in shorter
times at lower levéls of w.i.p. and higher machine ufilization. the
flexibility of being able to change part mix and product design more easily
and the ability to manufacture parts in a larger range of batch sizes. This
potential for incrcased performance is an important factor in increasing

company competitiveness.

2.1.5 FMS Elements

The main FMS elements are:

Operators

Machines

[}

Auxiliary workstations

Fixtures and pallets

Tools

Transport/Handling devices

Control, Monitoring Supervision Systems

QOperators

Although FMS are essentially automated systems there is still a need for
carrying out some manual operations, system supervision and to prepare
"general manufacturing schedules. For this a certain number of personnel

is necessary.

Typical manual operations which are still carried out in FMS are
palietising and depalletising work and tool replacement at the processing
stations. These are frequently done at the start of well defined

manufacturing - periods.




Tool set-up and preparation is also an area where avoidance of the human

intervention seems to be difficult.

Machines

A major division between types of machines is:
-Machines for rotational work
-Machines for prismatic work

Some machines can only perform a single type of operation, e.g. milling,
turning, etc..In this thesis these are termed single purpose machines. They
can be used in both FMS's and FTL's but are less suitable for FMC's, section
2.1.2 . FMS'S with such machines are termed Multiple Stage Systems
FMS's83,

Machining Centres, MC's and turning centres, section 2.1.2, are versatile
machines which can perform many different operations. These machines
are typical of FMC's and widely used in FMS's. They are termed
multipﬁrposc machines in this thesis. MC's are usually provided with local
tool storage and automatic tool exchanging mechanisms, Automatic
part/pallet exchange mechanisms are also frequently incorporated. These
versatile machines are frequently able to completely machine a
workpiece, FMS's with these versatile machines have been referred to as

Single Stage Systems FMS's83 |

There is also a range of machines whose versatility is in between that of
the two types of machines above referred to above. They are termed limited
purpose machines. Usually a part rarely is completely processed in one of
these machines. A system which includes both this type of machines and
highly versatile MC's and possibly single purpose machines have been
referred to as Mixed or Combined Stage System FMS's33

Other complex machining systems can also be seen which include tooling
head changing machines or tooling head changers and tooling head
indexing systems or tooling indexers, figure 2.4. Figure 2.4 also shows a

schematic representation of an FMS which uses tooling heads changers27,




Studies and descriptions of required features of machine tools for
Automated Manufacturing have been published recently by a number of
authors including Gatelmand33, Yoshidal43 Ana Kochan83 and Lord7!l.
These emphasize the importance of the modular design of machines which
allows a variety of machining system configurations to be built up from
basic modules. Modular design towards standardization has been extended
to many parts of FMS's74 This highly simplifies FMS development and
installation124,97.2,

An overview of tooling systems for machine tools is given in chapter 4,

Auxili 1 .
Auxiliary equipment is used mainly for quality inspection.

Inspection of quality and of dimensions can be integrated into FMS's in two

main forms:

1 - through measuring and touch probes used at machining stations

normally held in machine spindle

2 - through use of inspection and measuring machines strategically

placed in the layout of the FMS,

The use of touch probes has been discussed by Lewenden6? and a study on

the measurement of tools and workpieces is given by Hermann4?

Inspection machines can be of NC type, e.g. NC coordinate measuring

machines!20 or other types.

Fixtures and pallets

Fixtures and pallets come together to form fixtured pallets on which parts
will be held. Fixtured pallets constitute the physical interface between
workpieces, the transport system and the workstations. Thus usually, in an
FMS parts are carried on pallets. These are transferred from a palletising
area or part/pallet storage area, by means of an automated transport

system, to the machines for pfoccssing and then back to the palletising
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area for part depalietisation and refixturing if necessary. A range of
palletising possibilities and work transport alternatives is available, These

are described in some detail in chapter 4,

Palletising and depalletising are respectively the first and last tasks to be
performed on parts in an FMS. These tasks, as referred above are stiil

predominantly manually performed.

Pallets are usually loaded on machine tables. This is véry typical of
prismatic part production although these parts may alse be handled
individually at machines, and positioned in a fixturing system
permanently resident at the machine, figures 2.3 and 5.5. However this
approach to part clamping and positioning for machining is typical of
rotational work where the part is loaded directly into a clamping device,
e.g. chuck, fixed to the machine spindle. This may be # manual operation

but in FMS is usually performed by an industrial robot.

Attempts have been made to try to simplify the clamping and unclamping
functions through universal4? flexible and automatic clamping or
fixturing systems96.121 Such systems may be modularl41,70 or specially
designed to accommodate a limited variety of identical parts. Fixturing

systems can be flexible to accommodate a variety of different parts.

For parts to be produced in somewhat larger quantities, it might be
advantageous to design specific and efficient fixturing systems for fast
clamping of parts. These systems may be designed for clamping one or a

few identical or different part types figures 2.3 and 5.5

- Tools

Tools are used at the spindle of the machines for part processing and other

auxiliary functions, Three types of tools may be distinguished:
-Replaceable single tools for machining

-Replaceable tool heads for machining and
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-Touch and trigger probes used for measuring and monitoring

functions

Tools are essential to carry out part processing and must be available at the
machines when required. An adequate tool management system is
necessary and a number of approaches to this problem are reported by
Hankins et al43. |

Tool requirements and elements of tooling systems are considered in some
detail in chapters 5 and 6. Additionally, most of this research work looks

into the influence of a variety of tooling aspects on FMS performance.

Tools are still frequently replaced manually in FMS's but there appears to
be a tendency of completely automating the tooling distribution system.
This has been done in a number of existing FMS!25, An approach
becoming popular is to take tool kits to the machines on an Automated
Guided Vehicle, AGV, and replace them into the magazine of the machine
by meas ‘of an automatic handling mechanism or industrial robot, IR,
figure 2.547,

T ndling Devi

Transport and handling  devices, HD, are necessary .to move parts and tools
between workstations and central stores. HD's are important elements of

the FMS material flow system.

Consideration of material flow and material flow systems is given in

chapters 5 and 6.

2.1.6 Control, Monitoring and Supervision
2,1.6.1 Levels and Functions of Control
The control of FMS's can be viewed at two levels!42 :
- The Production Planning and Scheduling off-line level and

- The production control on-line level.
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At the first level a production plan is determined where part types and
quantities to be produced during a manufacturing period of a day or a few
days are specified. This is mainly dependent on part demand requirements
and available production capacity. A finite capacity plan or schedule is
prepared where jobs or parts are allocated to machines or group of
machines. The allocation can be aggregated or detailed. In the latter case
an indication of the machine where and when should each part be
processed is given and transmitted to the real time process control system.
The production plan is frequently revised and adapted to take account of

perturbed and changing system conditions.

For the preparation of the production schedule account is takem of the
main manufacturing resources, i.c. machining and other workstations but
also of manufacturing resource aids such as fixtures, pallets and tools. This
is necessary when such resource aids can become  constraints to part
assignment to machines. This is most likely the case when they are

available in limited quantities.

On-line controi is directed to accomplish the production aims established at
the previous production control level, i.c. the production planning and
scheduling off-line level, through on-line commands based on control
strategies for job releasing into the system, part assignment to and

part/pallet sequencing at the machines for processing.

On-line control decisions may ecither be determined by an off-line detailed
schedule93.53 in which case the on-line control is mostly concerned with
the ‘gcncration of process control commands to carry out the schedule, or
alternatively defined in real time, i.e. during real time operation of the
FMS based on a aggregate schedule for the planning period!15.82, Off-line
detailed production schedules can be generated with the aid of a very
detailed simulation model of the FMS operation a few hours in advance of
the start of production for the manufacturing period. Scheduling in
real-time may also use simulation for real time evaluation of alternative

control decisions before they are taken82,

Job dispatching or job releasing into an FMS is the highest level in a

hierarchy of on-line control and car be performed based on a number of




13

strategies. These are typically based on part due dates or part urgency, and
factors which are related with machine load and machines idleness. In this
releasing framework strategies can be used which attempt to  balance
work load among machines, release work for the idle machine or avoid

work release for the bottle neck machinel06.6,

The assignment of parts to and sequencing at machines is aimed at
achieving performance objectives. These typically consist of achieving
high machine utilization, meeting due dates, minimizing throughput time

and work in progress or a combination of these measures.

Part assignment and sequencing control must take consideration of real
time availability of machines and manufacturing resources such as tools
for allocation to and sequencing of parts at the machines in order to
guarantee that part processing can effectively be carried out when
scheduled. Such control is normally done basing decisions on priority
rules. These may include First Come First Served , FCFS, rule, rules based on
remaining processing time or number of operations of the job or still on
many other factors. Once a part is effectively loaded onto and ready to be
processed at the machine, the control system uses the appropriate NC pan

program for controlling the. machining operations.

A classification of the FMS control decisions at various levels
corresponding to different time horizons is given at the FMS Handbook47

and are shown in figure 2.6

2.1.6._é Hierarchical Centralized and Decentralized Control

The AMRF and AFMS Approaches

A methodology for overall control of automated manufacturing systems
has been proposed, in the context of the Automated Manufacturing
Research Facility, AMRF and Advanced Factory Management System
,AFMS,32 where control of production is performed at different
hierarchical levels in such a way that the input to one level is the output
from the upper level of control realized for a larger time horizon, figure

2.7. The frequency of decisions are taken, at the lowest level on a second by
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second basis up to more than a monthly basis at the highest level of
control. A two way information c¢ommunication chain linking the
hierarchical levels is necessary for control decisions, data collection and
the monitoring of both the system conditions and the achiecvement of

operational schedules.

Relative to the scope of decision control allowed at manufacturing cell
control level two approaches can be considered82. One is the centralized
approach. The other is the decentralized one. In the centralized appreach
most control decisions are taken at the upper level, i.e. shop level, and
transmitted to the cell control to be carried out. Production control
decisions are mostly not taken by the cell control in real time but simply
the control of cell operation follows a pre-defined shop detailed schedule.
This normally requires intensive two way data communication between
cell control and the upper control level. In the decentralized approach
great control autonomy is given to the cell control and in general to each
control level in the hierarchy. Thus the higher levels usually define
general control plans or schedules to which lower levels should base their
oivn control decisions. Large disruptions of ‘normal manufacturing
operation and large deviations of pre-defined performance objectives,
defined at the higher level, are likely to require action of this higher
control level. This action essentially consists of general rescheduling and
definition of new performance objectives. However small disturbances are
dealt with within a control level. The need for information communication
between levels in the decentralized control is smaller then in the
centralized control due to the greater control autonomy of the centralized

control.

Advantages of the centralized control are easier implementation, a broad
view of the system control requirements by the central computer which
can therefore make good comtrol decisions due to large system status
information which it can access. Interaction between decision makers in
the control process is easier because of the simple contrel structure., These
advantages arc frequently overshadowedby the disadvantages resulting
from difficulties which the central computer has in handling -massive

amounts of information in real time. Moreover difficulties may also arise
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for producing timely decisions due to the high frequency with which they
are required.There is still the risk of total system disruption due to

interrupted communications caused for example by computer failure.

An important advantage of the decentralized control is the provision for
greater autonomy of the manufacturing systems to run itself with most of
the control left to cell level. Only when major problems arise doesthe shop
control levelbe:im?‘hvolved in the control decisions. In this way the cell
communication link with the upper level is less vital than in the
centralized approach in such a way that if it is broken the manufacturing

shop may well be able to carry out activities for some time,

her A h

A different hierarchical decentralized FMS control system approach ‘was
developed by Stutell5, figure 2.8. Control hierarchy and decentralization
is achieved by using different computers at different levels and at a same
level using different computers for carrying out different tasks or
functions. In this function based decentralization a main computer is used
for main scheduling. Below this there is a manufacturing computer which
is used for control and monitoring of the production process., The control is
carried out on the basis of a schedule passed down by the main computer.
Two other computers are used at the lower hierarchical level. One is used
for carrying out geometry functions, such as interpolation for all the
machines in the systcm..and the other is used for technological
information handling. This includes decoding commands, produce output
to programmable controllers, control pallets and tools’ flow and data

acquisition.

Fig. 2.9 shows the main control tasks to consider in a control system and
divide them into groups to be treated by different computersi31, For the
centralized control only long term planning tasks are left to the main
computer and the other manufacturing control tasks are carried-out by

the centralized manufacturing computer. For the decentralized case four
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computers are considered e¢ach one with a reduced number of

manufacturing control tasks to be carried out.

2.1.6.3 Monitoring and Supervision
Monitori

Monitoring systems are aimed at avoiding large scale disruption of FMS

operationally due to unexpected malfunctions of FMS elements.

There are many aspects to be monitoredl. Amongst the most important are

workpiece and tool conditions.

Important sources of failure in an FMS are wrong tool lengths set-ups, tool
breakage and bad part positioning at the machines. Tool monitoring
systems must be able to detect these deficiencies and lead to immediate
preventive actions against undesirable consequences. When a tool breaks
a logical measure is torretract the tool and replace it by a new one for
further processing, either of the same part, if this has not been damaged,

or of new parts. In the extreme tool breakage may cause the machine stop.

Another important aspect of tool condition monitoring is the monitoring
of remaining tool life. This is important for tool rcplacément which due to
economics of system operation may have to be done at defined tool
replacement periods before tool fife ends. Tool life monitoring is
frequently done by recording tool usage time which is compared with a
predefined tool life time®4., Other more sophisticated approaches take into
account variation in some important machine, tool and workpiece
parameters. These parameters may include temperature, noise and
vibration, strain and forces, power and torque and workpiece quality‘ data,
Most of these are used for control and monitoring the level of tool wear in
order to detect the right moment for tool replacement and also for adapting

cutting conditions to achieve desired quality and increased tool life.

The presence or absence of workpieces at the machining area as well as
the identification of the correct part and its appropriate positioning for

machining are other aspects which must be monitored in a FMS.
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Supervision is necessary to ensure that good operating and control

conditions are maintained during system manufacturing periods.

Normally FMS supervision is concerned with verifying that all
manufacturing functions are carried out as expected and that production

schedules are met.

For small disturbances of system operation the computerized control
system is usually able to take or indicate corrective action. however FMS
supervisors may have to resolve problems resulting from unexpected
disturbances of the normal operating conditions which cannot be tackled
satisfactorily by the computerized coantrol system alone. Thus, at
breakdown of a machine or other major FMS element major rescheduling
of work may be necessary which usually requires human interaction with
the comtrol system. A new scheduling plan for the manufacturing period

may have to be prepared?3.

2.2 FMS DESIGN AND OPERATION
The overall design of FMS can be divided in two main stages:
1- Planning or general design of FMS

2- Detailed design of FMS

2.2.1 Planning of FMS

The main concern of FMS planning is to select the FMS equipment such as
machines transport and handling devices, pallets and fixtures, and define
the general system configuration to carry out production of a given part
spectrum to satisfy a certain demand and therefore subject to a required
production capacity. Moreover the general requirements and
specifications of the control system and subsystems and operating

principles are also defined at the planning stage. Thus FMS planning
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establishes the boundaries and constraints upon which both the detail

design and system operation will depend.

At the end of this phase a few alternative systems may result which will be

submitted to a2 "microscopic” study at the detailed design level.

2.2.2 Detailed Design of FMS

Almost every decision from and result of the planning phase can be scen
as an input to the detailed design process., At this stage the alternative
designs pre-defined at the FMS planning level are closely analysed in
order to arrive at a final and operational FMS system. Aspects that may
have to be determined are concemned with buffer sizes and their locations,
the appropriate number of each type of pallet and tool and also magazine
sizes. Moreover the efficiency and effectiveness of cach configuration
selected at the planning level is determined and required changes to

improve system performance are put forward.

The detailed design of an FMS relies heavily on the performance
evaluation of the system based on a range of operating strategies. In this
sense much of the detail design of FMS can be regarded as a phase of
designing the set of procedures and modes which will be used during FMS

operation,

The design of the FMS operational strategy is concerned with finding the
best ways of running the system to achieve production objectives. This
usually requires the comparison of different strategies for releasing jobs
into the system, the study of alternative processing routes, evaluation of
different palletising sequences, analysing tool requirements and loading
to machines, definition of modes of production e.g. Assembly Set
Production or Batch Production, chapter 4. It also involves determining
ways of obtaining good and feasible manufacturing schedules for the
allocation of parts and shared resources such as tools and pallets in order

to achieve high FMS performance.
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23 ' FMS MODELLING

The process of finding adequate FMS configurations and refining them to
obtain a final good solution is an iterative process!40 which can involve a
range of planning and design tools and techniques. The most widely used

are modelling techniques which can be classified under three headings:
- Analytical Niodelling |
- Computer Simulation
- Physical Simulation

"Analytical models represent quantities and relationships as mathematical
variables and expressions, which are them manipulated (mathematically)

to yield the desired information

Simulation models take the data used by the real system and, through step-
by-step duplication of the changes that data would undergo as the real

system operated, transforms it into output measures

Physical models, also called emulators, make use of hardware devices
which are sufficiently similar in their characteristics to those of the real

sysiem to draw inferences about how the real system would behave"101:

2.3.1 Analytical models

The work on analytical models for FMS design can be classified under two

categories:
- Mathematical programming
- Queueing network models

Mathematical programming models rely on Operations Research techniques

such as Linear Programming, Integer and Dynamic Programming,.

Queueing network models may combine both queueing network theory and
some of the techniques of mathematical programming such as linear and

non-linear programming and integer programming,
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Analytical models find considerable use at the very beginning of the FMS
planning stage. A variety of these models have been reported!36.98,12

Newer analytical techniques such as Mean Value Analysis, MVA and
Perturbation Analysis Method, PAM, have also beenr applied to study the

performance of FMS, section 3.2.1.

2.3.2 Simnlation

Although, as referred to above, a range of analytical models and modelling
approaches are available, for FMS ‘design énd operation performance
evaluation simulation models are by far the most useful, effective and
reliable tools!30,74.5,

Simulation has become an integral part of design of FMS's:- Almost all
aspects of FMS operation can be modelled through simulation. Simulation
can be used as an aid to FMS design and control at any level. Computer
simulation was until recently available only on large computers but today
realistic simulation work can also be developed on personal

computers43:22

Computer simulation can provide valuable information both at early stages
of the design of FMS and also during system operation to assist in the

scheduling and -assignment of parts and tools to machines.

In the early stages therﬁ is emphasis on studying alternative system
configurations or concepts suitable for manufacturing a chosen part
spectrum. It is important at this stage that the computer simulation model
is. able to evaluate different FMS types and material flow structures and
general strategies for the operation of proposed FMS's. These strategies can
be related with part mixeés and batch sizes to be adopted, allocation of work

to machines or groups of machines and job releasing strategies.

At a more detailed level simulation should be able to accurately evaluate
any operating strategy for part and tool allocation to machines and part

priority sequencing at different workstations. Moreover it should be able
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to determine the impact of varying levels of manufacturing resources

such as tools and pallets on FMS performance.

In a simulation study the evaluation is based on output measures from the
FMS model. These usually include, utilization of FMS elements such as
machines, transporters and pallets, part and batch or product throughput
times and also work in progress, w.i.p., expressed either as the number of
parts in the system or the processing time alrcady performed on such

parts.

It is ffcqucntly argued that computer simulation models take a lot of time
to develop but this is largely dependent on the approach to simulation
used, language and also on the expertise available. Recent developments on
graphical input/output and particularly on simulation program
generators®0 are making the task of simulating FMS simpler and quicker,
Things can be made even simpler if well tested and validated simulation

models are available when necessary,

Well developed and tested detailed simulation models are good in accurately
reproducing the system operation and behaviour. For this they require as
inpat a large amount ‘of system information in the form of deterministic
data, such as ﬁart routes, processing times and also the representation of
all relevant system clements such as parts, fixtures and pallets, machines
and tools and handling devices. In addition stochastic data reflecting
forecasted and historical information is usually also  required , for
evaluating the influence that aspects such as breakdown of system
components and variation in demand and other variables have on system
efficiency. A typical stochastic aspect which may be studied is the
influence of statistical variation of operation times on system

performance33,

When the influence of operating strategies in a particular system
configuration has to be studied, or detailed aspects of design are suspected
to have a great influence on system performance, then fine simulations
must be done. This requires that considerably detailed simulation models
are used to evaluate FMS performance. Such models should provide the

user with a range of dectailed output information which may include
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aggregate and sometimes detailed performance measures about relevant
system elements such as machines, transport units, operators, tools, pallets,

fixtures and workpieces.

Simulation models may also be required for initial generalized studies of
FMS performance in which the level of detail is somewhat restricted. In

this thesis such models will be referredtfas "global" simulation models.

When a physical system configuration is not clearly defined, a global

simulation model can be used to evaluate a range of alternative global
design configurations. Typical input data to global simulation models have
a predominantly aggregate nature and arc frequently stochastic. Thus, for
example, theoretical probabilistic distributions may be used for defining
processing times, work arrival to the system and unexpected stoppages.
The usefulness of gllobal simulation models is close to that of Closed
C}t%gtt;%rk. - models for FMS study, figure 2.10. An FMS analysis package
may need to include not omly simulation models for both global and
detailed design but also a range of analytical models!? including closed

network models such as CAN-Q102,

Evaluati f Exisi | Pron S

Simulation modelling is wused ecither for studying existing systems or
proposed systems. When simulating existing systems model development is
simplified because even the most detailed information needed about system
configuration and operating aspects, is im practical terms, readily
available. The real system can also be seen as a test bed against which it is
possible to compare the results of the simulation for testing and validation

purposes.

By its very nature the modelling of new FMS's may have to be a more
protracted process because some important data initially needed is not
immediately available at the start of modelling. This includes processing
times of parts, strategies for part and tool handling and part palletisation.
Initially some of the data may have to be estimated which will be refined as

modelling proceeds. Additionally the design of new FMS's has normally to
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be carried out in various stages. This usually requires first the use of
global simulation and possibly analytical models for aggregate evaluation
of a variety of alternatives followed by detailed simulation of a few sclected

FMS configurations.

Sof for FMS._simulati telling

Simulati;m models can be written in normal high level languages such as
FORTRAN and PASCAL or in specially constructed simulation languages
such as SIMSCRIPT, GASP, SLAM and ECSL. The advantages of simulation
languages are that they usually simplify the task of model development
through simplified programming and they provide aids for model testing.
They also frequently offer a comprehensive set of tools for aiding model
input and model output, for simplifying simulation experimentation and

analysing simulation results.

A third type of language which may be called a special purpose simulation
language has emerged during the course of this research, Such languages
arc normally oriented to the simulation of specific types of problems and
systems and are directed at simplifying the task of model building. Those
that are used for the design of FMS are usually called FMS simulators

although the term may also be used to mean a particular FMS simulation
model. The three major FMS simulators are SKITAS!?, GISA3l, and MASTSS,

FMS simulators are normally provided with a form of automatic generation
of a specific simulation model in a simulation language. Graphical aids are
now used for input of some relevant data and also for presenting
simulation results. In some recent cases the simulation can be visualized at
a graphics terminal in a dynamic pictorial reproduction or animation of
the simulated process. Varying levels of animated sophistication are

offered by the simulators.

Artificial Intclligencé techniques are now being brought into the design

of such automatic program generation??.

It is clear that as we move up in the level of a language, the application

generality and flexibility of representing detail decreases, On the other
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hand - simulation languages and FMS simulators simplify model
development and testing. These are possibly the main aspects which should
be taken in consideration when choosing a language for simulation. If a
FMS simulater can provide the basis for developing an appropriate model
of a specific system, then it is likely to be the appropriate modelling tool.
For very detailed and complex FMS simulations high level languages like
FORTRAN or PASCAL ‘may be preferred to simulation languages or FMS
simulators. This reasoning is supported by Cavaillel® who in relation to a
detailed simulation of the RENAULT FMS states: " The choice of a general
language such as FORTRAN results mainly from the level of sophistication
of the network and the control system whose modeiling using a simulation

"

language is too heavy

Experimenti b Simulati el

Simulation is essentially a non-optimizing technique. The amount of detail,
complexity, stochastic and estimated nature of some data make optimization
unrealistic91. Simulation can give good solutions, but no optimal ones, to
many aspects of FMS design and operation and helps to avoid large risks

and economically undesirable alternatives.

With rare exceptions the model user is usually an essential integrating
part of the model itself in that he or she closes the simulation loop by
being able to analyse the simulation output data of successive simulation

experiments towards finding a good combination of relevant factors,

Simulation models may also include built in search procedures for
determining good levels of particular factors or parameters based on a
predefined required performance objective of a simulated system!3.77,
This greatly reduces the involvement of the model user in the simulation
process and can lead to good values of the factors or parameters within a
few simulation runs. One technigue used by Carvalhold is based on the
"Decentralised Gradient Approach-DGA". In this approach the simulation is
run with an initial set of parameter values. A DGA analysing routine then

examines the internal details of the run and attempts to recommend a
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better. set of values. The simulation can be automatically rerun
successively for each new set of recommended values until the DGA has no
more changes to recommend or its recommendation fails to improve

performance.

In a similar way Mellicamp and Wahab?7 have supportcd' the automatic

generation of good FMS designs on an expert system.

2.3.3 Physical Simulation and Pilot Systems

An FMS physical model is essentially a scaled down physical
representation of the real system through modelling components, like
Fishertechnik components, of a proposed FMS system. Once ideas are clear
about the FMS overall structure then a scaled model can be built in a few

weeks31,

Most of the FMS control hardware and software can be integrated with the
physical model in such a way that testing and further development of
control system software, interfacing and information processing system
can be carried out. This real system emulation for the study of the
computerized control is probably one of the greatest advantages of
physical modelling. Another important benefit is the provision for
training of personnel who will be supervising and operating the FMS in
advance of the real system becoming operational. They can use the model

to simulate system operation.

Pilot FMS planis® although very expensive when compared with
simulation approaches, may also be used to study FMS. They are likely to be
particularly useful for settling detailed aspects of design and control and
in particular to try out system hardware and system control software.
These plants approximate the real system and are seen as test beds for FMS

. installation.

The pilot FMS may represent an entire FMS plant or only a subsystem of a
large system to be installed. It can be used as means of training people to

use an FMS. Pilot FMS's can also be seen as the best "modelling" option,
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although the most expensive one, for studying system integration at all

levels.

Physical simulation and pilot plants were not used in this research and

t
will not be referrcdf further.
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CHAPTER 3 - LITERATURE SURVEY
3.1 SURVEY OF FMS's

3.1.1 Traditional Manufacturing ~ Systems

Traditionally two main kinds of manufacturing systems could be identified:
-Job Shops, JS's and
-Transfer Lines, TL's

Job shops are labor intensive systems with, usually, one man operating
one machine. Initially these were conventional machine tools but since
the introduction of NC in 1950's66 JS's also tend to include these latter type
of machine tools. JS's are able to produce a large variety of parts requiring

different processing sequences and technology.

IS's tend to have low productivity, section 2.1, low average machine
utilization,  large work in progress and wusually very long product lead
times which can easily reach months. These deficiencies lead to a poor use
of manufacturing resources and therefore to .rclativcly high cost of piece

part manufacture.

TL's are manufacturing systems where processing operations are carried
in a fixed sequence imposed by the line layout of the machines, Parts flow
one behind the other, unidirectionally from one extreme to the other of
the line, stopping the same amount of time at every machine for

processing until the last stage of processing in the line is finished.

Transfer lines were first used for large scale production in the beginning

of 20th. century in the automobile industry by Henry Ford134,

TL's are very suitable for high volume and very low or zero part variety.
Small variations on a part type may be accepted provided the same
manufacturing process and sequence ‘could be used. TL's usually produce
identical parts at very high production rates, high machine utilization,
low throughput time and low w.i.p. In simple terms w.i.p is only the work

which is currently being processed at each of the machines and
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throughput time is the time a part takes during processing to move from

the beginning to the end of the line.

Once a TL is designed and installed it is necessary that it continues

producing a part type or small variations of it for many years.

So TL and JS's are two approaches to manufacture which are incompatible
with present market requirements for low cost and high variability of

product types with short life cycles and short lead times.

Ideally a manufacturing concept was required that had the flexibility
approaching that of job shops for producing a variety of parts but with
productivity, machine utilization and lead times which could appreoach

those of transfer lines, FMS appeared just to fill these requirements.

3.1.2 Initial Developments of FMS

To achieve the aim outlined above a revolutionary manufacturing concept
was proposed in the mid 60's. This proposed the computerized control of an
automated manufacturing system conmsisting of the then new NC

machining centres and an automated work flow system.

The first system to be designed in GB was the Molins 24 System137.133
figure 3.1, for prismatic parts. Parts were to be manually clamped on
pallets which would then be transported by an automated stacker crane
and stored in a vertical store. A second stacker crane would then be used to
- transfer pallets between this store and the machining area. Finished
palletised parts which had been retumed to the store would be taken back
to the operators by the first stacker for part unclamping. Each machining
centre was provided with a magnetic tape on which a2 number of NC
programs were stored. Each pallet was capable of taking a number of
different parts, The overall manufacturing process was computer

controlled. The Molins 24 System was in fact the first FMS do be designed.

Molins 24 System was ahead of its time. The concept required computer
power which was not available at that time at sufficiently low cost,

Although the concept was never fully built one partial system was
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however installed at Molins Deptford factory and another at an IBM
factory in USA7.

Another system developed in the mid 60's in USA, was the Variable Mission
Manufacturing System, VMM35.30, fisure 3.2. This system was the designed
answer by the Cincinnati Milling Machine Co. to manufacture a small
'variety of parts in relatively large quantitiecs which were not enough to
justify the use of TL's. Parts were also prismatic and individually clamped
onto paliets. The work flow system was quite different from that of the
System 24. A loop roller conveyor was used with the possibility for some
storage buffer near a number of NC machines. A washing station was also
included. The VMM manufacturing system was in fact the first Flexible

Transfer Line to be builit.

3.1.3 Present State of FMS Development

Presently more that 300 FMS may be available, In a 1987 survey 253

systems have been reported26 only in Japan, USA, and Europe.

Surveys of existing FMS's have also been published by Spur and
Mertins! 04, Mertins78, Wilhelm135, Hutchinson35,36, Kochan et alf3,
Gatelmand49, Stcimﬁullcr et all09, Iwata57, in the FMS Magazine of July 84,
April 85 and July 85, Bilalis et 216, Smith et al!00 and Enghill et al29,

The growth of FMS applications since they have been firstly installed is

shown in figure 3.3,

Type of FMS's

FMS are also divided according the type of parts they manufacture in:
- FMS for rotational, R, parts and
- FMS for non rotational or prismatic, P, parts.

In general R and P parts are not manufactured in the same system.




30

The USA FMS's are predominantly for P Parts. In fact, in USA, no FMS for R

has been reported by Steinmuller and only two were reported by Mertins.

World wide only around 20 % of FMS's are for rotational parts. This is
clearly shown in both the comprehensive survey of 87 FMS's by Spur et al
and also in the recent survey of 107 FMS's by Edghill et al

Size of FMS
From 80 FMS's of the FMS surveyed by Spur et al 40% of them have only
between 2 and 5 machines and about 80% have no more than 10, Similar

results are shown by other surveys. In the survey presented by Enghill ot

al it is shown that 45% of the FMS's have no more than 6 machines.

Work Flow System

The nature of the work flow systems can be classified in systems with
discrete means of transport of parts or pallets and continuous transport
systems. These include floor and overhead conveyors of many kinds. The
discrete type transport include any kind of transport on floor vehicles
such as tow line, track or rail vehicles, automated guided vehicles and still

gantry type robots or cranes and industrial robots.

In the Spur survey abdut the same number of the systems use the
continuous type of transport and the discrete type. A few FMS's use both
conveyors and discrete type tiransport systems. However this not the case
in the recent survey by Smith et al, of the USA FMS's, were conveyors
accounted for 35 % and the discrete type transport and handling system

was used in 87% of the systems.

Part_ Varjety
Very few systems produce more than 200 different parts!04, In the Enghill

et al survey 24 out of 29 FMS's produce a variety no larger than 30

different parts and very large proportion of the FMS's, i.e. between 43%104
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and 62%29, manufacture at most 10 different parts. 34% of the USA FMS's

manufacture a part variety no larger than 20.

About 50% of the parts fall within a 600 mm cubeZ?.

Batch sizes
Average batch size varies between 3029 and 55104, In the Edghill et al

survey 24 out of 41 FMS's produce in batches no larger than 30 and in the
USA 50% of the surveyed systems!00 manufacture batches larger than 30.

3.2 MODELLING FOR FMS DESIGN AND CONTROL OF FMS
3.2.1 Mathematical Modelling

Most of the work on analytical modelling for FMS design based on
queucing theory is direct or indirectly related to the Jackson38,59 work
developed almost three decades ago. Jackson developed a method for
studying jobshop-like queueing network systems as a set of independent

service stations.

_Work on analytical models using queueing theory has since then been
developed by many authors39.136.98,12,61,

The models fall under two areas namely flow line type network with and
without buffers and job-shop like network. However practical application
of this work has been limited!36, This is due to the too restrictive
assumptions underlying analytical models which rarely apply in real FMS

and due to the limited range of output measures that can be obtained.

Solbergl02 has developed a model, CAN-Q model, which has been shown to
be useful to use at the initial stages of FMS design. The model can be used
for determining the number of required stations to satisfy required

_production output.

The CAN-Q model is a queueing network “Jackson" type model which
models an FMS as a closed queueing network system in which a single class

of customers is considered and a number of customers (workpieces) N is
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maintained constant. This assumption can be seen to be quite realistic for
FMS with a fixed number of pallets in the system. Further assumptions
include exponential service times, infinite mackine buffers, fixed
transport times and perfect reliability, Central part storage is not
considered nor is the possibility of studying time dependent sequencing

priorities.

Although some of the assumptions within CAN-Q can be seen as very
unrealistic compared with the complexity of FMS, this model which is easy
to use is stated to provide acceptable  initial system performance
estimates!03, These include production rate, mean flow time, utilization
and work in process. The model can also show the effect of increasing

process inventory on the production rate and flow time.

Some models based exclusively on mathematical programming were
included in a software package’2 which also contains closed queuecing
network models destined to be use in the preliminary stages of FMS
planning. One model, SELECT, is used to select machinery on the basis of
machine cost, machine availability and part operation processing time in
each alternative machine. Alternative routing arrangements can be
considered by trial and error based on successive runs of a dual optimizing
program called GLOBAL. The routing arrangement which combine "best”
vtilization and minimum total production time is selected. At a next step, by
using a linear programming program called BATCH, a good-combination of
work loads is defined to achicve maximum utilization in a minimum
production time to meet production demand. The queueing models, called
QUICK, within the same package, are used to determine the appropriate
number -of pallets required per work load per part type and to define the
approximate buffer sizes at machines. The package has been used to

establish initial configurations for Flexible Transfer Lines,

Further work on analytical modelling was presented by Buzacott and
Shanthikumar!l. They have used a few simple analytical models to analyse
the importance of  different levels of control and the influence of local
and.central storage on the output of FMS-like systems. Major conclusions

were that the models show the desirability of balanced workload, the
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benefit of diversity in job routing if there is adequate control of relecased
jobs and the superiority of common storage over local storage at the

machines.

Recent Techniques

A fairly recent technique called Mean Value Analysis, MVA,39 which uses
mean values of the variables, has also been applied to study FMS
performancell7, MVA which is oriented to study Close Queueing Network

Systems uses an analytical recursive algorithm and a. heuristic procedure

which is considered to be reasonably accurate.

Another very recent technique called Perturbation Analysis, PAMS1, has
also been applied to study the performance of FMS's!!7, PAM may be seen
as combining an analytical stochastic methodology with computer
simulation. Its main objective is to determine the values of performance
measures without having to wuse the "brute force” of experimental
simulation. PAM is based on a given sample realization, i.e. sample path, of
a discrete event system obtained either from actual
observation/experimentation on the real system or from a single
simulation run of a detailed simulation. The basic question to be answered
is how does change in the timing of events, firstly originated by the
change, i.e. perturbation, in the value of a system parameter, 'change
system performance measures? Thie analytical procedure based on the
results of the single simulation run can then establish, within reasonable
accuracy, the expected values of system performance measures caused by

the change of the value of the parameter,

3.2.2 Computer Simulation

FMS are characterized by features which include highly dynamic
operation, unique requirements, high interdependence among system
clements, sensitivity to operational strategies, high complexity and high

cost.
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The need to obtain proper evaluation of FMS performance to avoid
unnecessary expensive mistakes of inadequate system design and
operation, suggests that the simplistic mathematiéal models of FMS may
only be useful at the first steps of design and performance evaluation of
such systems. It has been suggested by many authors?4.128 that compufer
simulation still is the most effective and realistic modelling technique
capable of studying the complex interrelationships between FMS clements
and operation cohtrol strategies " at different levels of detail in order to find
the suitable FMS design and operating procedures to manufacture a giveh

part spectrum,

In the last few years there has been a growing interest among
researchers in studying FMS. Additionally companies have become
increasingly interested in using FMS's as figure 3.3 suggests. These two
reasons have caused the development of a large number of FMS simulation
models, Table 3.1. As can be seen from figures 3.3 and 3.4 , there is a
correspondence between the increasing number of existing FMS and the
number of simulation models developed indicating the necessity for the

use of such simulation models for performance evaluation.

Due to this demand for simulation modelling it is not surprising to sce that
most recently there has been a tendency for providing the user who needs
to cvaluate FMS design and operation with tools which can ecase the way to
simulation model development60.8, These tools which may be based on
Artificial Intelligence, A% 111 are essentially referred to as FMS
simulation program generators. In general a program generator can be
defined as "an interactive software tool that translates the logic of a model
described in a relatively general symbolism into code of a simulation
language?6". Program generators for FMS simulation models may be
referred to as FMS simulators although this term is also used to mean FMS

simulation models themselves.

One of the earliest program generators for simulation modelling, CAPS, was
developed by Clementson2! in 1972. A 1980 CAPS' version is available. CAPS
aﬁtomaticaily generates an ECSL language22 draft of a simulation model

through a dialogue oriented data input description mode. However the
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generated model has to be enhanced to accommodate details which it is not
possible to include at the automatic generation level. Typical of such
details are particular scheduling and control procedures or priority rules
which control the flow of entities such as parts and transporters through
the system, It is clear that for full mode! development CAPS' users do also
have to master the ECSL language. In a sense, in this case, the task of the

model developer it is not particularly simplified.

It has been suggested20 that usually it is not possible to generate the
program segments for FMS scheduling through program generators. In
addition it seems that many presently available FMS simulators do not

satisfy basic design criteria such as that put forward by Jain60,

Animated simulation, section 2.3, may also be available in a simulation
‘model or a FMS simulation package. This may include a number of
independent although integrable programs$8 among which may be a
program generator. However animation is not essential to stedy FMS's
although usefui for "feeling” and cxplaining- what goes on during

simulation run time.

It must be emphasized that a FMS gsimulation program generator is not a
FMS simulation model. It is a special program built on top of or linked
usually with a simulation language or a main simulation model which has
some degree of generality, i.e. of capability to configure a variety of
specific FMS structures and control procedures. So the generator works as
a pre-processor of a simulation language or a generalized simulation
model and may be written in a programming language  different from that

of the generated simulation model43.

Generated simulation models are usually obtained through data input of
important parametcrsso and other data, usually in a dialogue mode and
eventually graphically supported. A simulation model generated from a
.generalized FMS model has capabilities naturally restricted by the
capabilities of this model. The problem that arises is that a good and
detailed model cannot be generated from a bad and global one, i.e. one for
FMS first stage design and performance evaluation. In particular if some

aspects of relevance to FMS design and operation analysis, such as




36

'pa.lletisation complexity and control procedures are not considered
explicitly in the main model then it is very unlikely that this can be made
a available in the resulting FMS model obtained through program
generation. To avoid this, i.e. to avoid having to write code directly, the
main models must be both very detailed and quite general and be able to
configure a variety of modelling situations from first step design up to a

very detailed analysis of FMS operational control.

FMS simulators or program generators which could satisfy the modelling
objectives of this research work were not available at the time this

research started,

3.2.3 Tooling Systems and Tool Management

Of the variety of existing simulation models given Table 3.1only a few

model tooling systems or the movement of tools within the FMS.

In some studies, e.g. Carricl4, tooling aspects may be analysed after
simulation of part assignment to machines has been performed not

considering tools to be a resource constraint to part assignment.

Stute et all13,116 haye used simulation for the study of tooling: They
investigated the performance of 16 tool storage structures in order to
choose the "best” one to adopt in a pilot FMS developed and studied at the
University of Stuttgart. A framework for the determination of the number
of tools was also presented. Basically toels could be determined based on a
planning period or based on batch sizes and batch types to be
manufactured together in the same production run taking into

consideration the strategy to machine loading.

Westkamper!33 in a comprehensive study of automation in batch
manufacturing also used simulation for detail study of tool flow structures
including tooling requirements in a particular automated manufacturing

system with 20 multi spindle machines and 200 different tools.

A simulation model called PATHSIM was developed by Crite et al23 with the

main objective of studying the physical configuration of a tooling system,
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which consider the tool transport system, based on carts, to be independent
from the work handling system and also considers tools to be allocated to
machines on a tool kit basis, a tool kit being defined as "the set of tools

required to process one part type at one station type".

Ho and ElMaraghy28 developed a simulation model to study tool
management in FMS. The model offers the possibility of both graphical
output of performance measures and simulation animation -with an

advanced video option.

In a study on tool management by Hankins et al45 advantages and
disadvantages of four tool grouping allocation strategies, namely Bulk
Exchange, Sharing Tools, Migration and Resident Tools have been put
forward. The authors conclude that the best strategy to use is very much
dependent on the user's production requirements and that tooling
constraints can hinder the productivity of FMS, but significant problems
can be minimized through a good overall management system. Again it
seems that the study is based on the assumption that a part allocation to
machines schedule is pre-defined in a way which does not take tools in

consideration.

Bell and Souza* are also developing a comprehensive system for tcol
management in highly automated flexible machining systems. It appears

that the system also useés as input a part allocation schedule to machines.

In this research work both machines availability and tools availability are

-necessary conditions for parts allocation.

3.2.4 Palletisation

An aspect which appears not to have had particular attention in
simuiation modelling is that of palletisation complexity and generality.
This is presented in detail in chapter 6, figure 6.2 and section 9.4, figures
9.4.2 and 9.4.3. When such complexity exists in the real system under study
it must be modelled unless evidence exists that simplifications can be made

without  affecting overall performance analysis.
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3.2.5 Just-in-Time Production for Assembly

To achieve low w.i.p. and low -throughput time to overall manufacturing
system there is a need for just-in-time production for assembly which can
be achieved through adequate operational control of manufacturing on an
Assembly Sets, AS, basis, chapter 4. It appears that this manufacturing
strategy and the study of operating procedures for Assembly Set
Production, together with tooling aspects have not been treated by

previous simulation modelling.

3.2 RESEARCH ISSUES

There are a range of generalized tools which can reasonably satisfy the
FMS general design level tasks. The main problems are more at the FMS
detail design level and particularly in FMS operation. Thus difficulties can
be found in correctly defining the number of pallets and fixtures of ecach
‘type as well as tools. Concerning FMS operation, there is a need to look into
ways and methods to control the effect that shared resources like tools and
fixtures have on system efficiencyl!03. In particular the influence which
such resources can have in finding good schedules must be understood.
These aspects are likely to affect the way FMS systems should be operated.
For example resource constraints may delay a scheduled operation even
“though workpiece and machines are available because the necessary tools
may be in use elsewhere. Resources can always be duplicated but even
such a measure, which brings increased costs and possibly increased
"confusion” within the system, does not necessarily guarantee a better
system operation. This simply means that the effects of such resource
duplication on system efficiency and behaviour should be understood too

and subject to careful study.

Working on the study of the effect of fixture and tool resources on FMS
performance Solbergl03 states that "the problem is considerably more

difficult than it appears; some of our favored approaches failed utterly”.
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The research work reported in this thesis examines these aspects, in
connection with the problems of control for system operation, giving

particular emphasis to FMS system operation for minimum tooling.

Manufacturing control

In operating FMS the assignment, and sequencing of parts and tools to
machines, i.e. the short term schcduling. is of paramount importance.
There are a few techniques which can be used to study the problem but, in
a practical sense, they are restricted to the use of simulation. In fact
analytical models do not yet offer an explanation of the principles which
govern the operating dynamics wiihin FMS and seem to be unsatisfactory
techniques for studying realistic operating problems in real size systems.
-For this reason digital simulation is the main tool used in this work for

modelling aspects of design and operation of FMS

The power of digital simulation to emulate FMS in one or more models in
order -to study the dynamic relationships between system parameters and
control strategies suggests that it should be used to help to establish new

procedures and guidé lines for the better undcrstandingf\fFMS operation.

There could be a temptation to apply the findings of scheduling studies of
conventional systems to FMS. However the main available useful guide
lines, based on sequencing priority rules determined through
experimentation with simulation rhodc]s of conventional manufacturing
systems simply may not be applicable to FMS. Working on the control of
FMS Stecke and Solbergl07 studied the relationships between sequencing
rules and loading strategies in FMS. They concluded that FMS behave
differently from conventional systems by showing that the resuits
obtained under FMS situations were "counter-intuitive and different from
those of previous similar types of studies” referring naturally to

conventional systems.
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ll I. I i.
Machine loading is another aspects which deserves further investigation,

In simple terms machine loading is the assignment of workload to the
machines of a manufacturing system. This task is apparently simple in
flow shops due to the nature of sequential and directional parts processing
in all or almost all the machines in the shop. In traditional job shops, with
a predominance of single purpose machines such as lathes, mills, drills
and grinders, the loading problem can be greatly simplified through the
grouping of identical purpose machines. This leads to the process layout of
manufacturing. Thus ecach group of identical or similar machines work as
a pooi of servers able to perform the same operations to which the work is

normally assigned in a balanced way.

In an analytical study of the FMS loading problem Steckel08 has
demonstrated that a specific and unique loading solution exists which
.maximizes production rate. In particular when the sizes of the machine
groups, i.c. groups of machines equally capable of performing the same set
of operations, of an FMS are equal then balancing workload is optimal.
However if the sizes of machine groups are different balancing is only
optimal if the number of pants is infinity, i.e. very large. The optimal
loading solution can be obtained as a function of the number of parts in
the system, the machine grouping configuration and the number of
machines in the system. In general a larger(smaller) work load must be

assigned to the machines of larger (smaller) groups.

According to Stecke the best production rate is obtained when ail the
machines are pooled together, i.e. can be grouped togetherin such a way
that every machine can simultaneously process any part in the mix to be
manufactured. If this is not possible due to physical, technical or other
reasons, the best solution is obtained for a pooling situation which creates
the minimum number of machine groups possible with the maximum
number of machines imbalance between groups. Thus for a system with 8
machines it is better to group them all than to make two groups of 1 and 7
machines and this is better than a 2,6 configuration which on the other

bhand is better than 1,1,6 and so on.
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The conclusion that the fewer the machine groups the better is in line
with the findings of queueing theorists which havé proved that under
steady state conditions and stochastic service times a pooled number of
servers are more efficient than the same number of servers working

separately.

These results are of practical interest because they give guide lines for
setting-up an FMS for part processing. However they are of little use when
.determining how FMS's really perform under different scheduling policies
and sequencing rules and how they should be operated and controlled to
manufacture particular part mixes which have varying processing
requircments and levels of tooling. This is further emphasized by the
simplistic assumptions underlying much of the analytical modeiling not
only for production planning and control but also for FMS design. A
common assumption of analytical queueing models used for such purposes
is to consider the system to work under steady state conditions. However
more often than not FMS do not work under steady state. One of the reasons
is the short term running periods, shift or daily basis, which rarely are

enough for FMS: to achieve steady state manufacture.

Moreover the FMS loading problem often is a problem which may be better
solved during manufactﬁring control. In this case system state conditions
are analysed at every instant part loading decisions are to be taken. For
example, part processing needs and aspects related with tools and pallets
availability, in addition to machine readiness, should be considered for
decision at such instants. This means that decisions about part loading are
delayed near to the instant of processing. This strategy leaves open a
number of alternatives for part loading which result from the in built
flexibility of FMSs which would be otherwise not considered if part loading

was defined at production planning.

When -part loading is solved at the planning level a fixed FMS tooling set-
up would have to be used for the manufacturing period. In particular if
the loading problem is firstly seen as the assignment of parts to machine
groups assuming workload balancing between machines within the group

then when the time comes any machine in the group should be prepared




42

to process the pars. This requires considerable tool duplication, depending

on the size of machine groups.

A problem can now be raised namely that of knowing if it is possible to
achieve good system performance without tool duplication, or, if not, what
would be the best degree of tool duplication to run the FMS. This problem,
together with that of determining the number of fixtured pallets under

different operating scheduling rules for ASP, is addressed in this research

work.




43

CHAPTER 4 - SOME ASPECTS CONCERNING OPERATION AND DESIGN OF FMS
4.1 ALTERNATIVES TO TRADITIONAL BATCH MANUFACTURING

4.1.1 Batch sizes

Traditional Batch Manufacturing Systems (TBMS) are nonautomated
systems for manufacturing of a variety of parts. Production is normally
carricd-out and scheduled in batches of identical parts which are
transferred from station to station and loaded and positioned at a  station,

usually on a one by one basis, by the station operator.

This batch approach to production is mainly motivated by the need to
reduce work station set-up costs which are considered to increase with the

number of times batch types change.
The set-up costs are primarily due to the following reasons:

-Cutting tool preparation, transport, replacement and set-up at the

stations.

-Fixture and jig preparation, transport, replacement and set-up at

machines for part clamping and positioning.

-Preparation, routing and loading of information for task

processing including NC programs.

Although when batch size, BS, increases set-up costs decrease, it is also true
that other costs increase. These arerelated to levels of work in progress,

throughput times, space requirements and other factors.

Reducing the BS to one is apparently inappropriate in TBMS. But this may
not be so in FMS's because thesc-systcms are considerably different from
TBMS.

Therefore, it is pertinent to question the validity of the application of the
batch production mode to FMS's. Such a mode seems be against some of the

objectives of FMS which include the minimisation of work in progress and
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job throughput time keeping nevertheless high levels of machine

utilization.

In FMS‘’s for prismatic work machine, set-up costs are low for both
production of identical or different parts since parts are preset before
being delivered. The only set-up cost incurred is that duwe to tool
replacement for different parts, It is possible that this can be carried out
whilst the machine is engaged in processing parts. Thus little savings in
cost can be expected from production in batches, particularly if we take
into account that the higher the batch sizes the higher the cost of work in

progress and the longer job throughput times.

It is important to point out that provided finished parts are not the end
product, as it is most frequently the case in manufacturing systems, in
practical terms the parts will remain in progfess until they can finally be
assembled into finished goods. This fact reinforces the idea that within
FMS's the traditional batch production mode may not be appropriate. Such
a view is also defended by some authors as the following comment by
Warneckel29 in relation to FMS flexibility, suggests: "The unit cost of a
product is no longer dependent on lot size or number produced”. Buzacoit
et alll has also emphasized the desirability for part diversity by stating
that in an FMS " it is desirable to have a diversity of jobs with different
routings”. These views go against the traditional batch production mode
and suggest that a one-off like production or at most very small batch sizes

should be adopted in running FMS's.

4.1.2 FMS as Part of an Integrated Production System-
Assembly Set Production

An FMS is fundamentally a subsystem of a larger production system. In
general the manufacturing output of an FMS is likely to be the input to an
assembly system. The assembly system, which may or may not also be
automated, is usually provided with an area for parts storage. The size of

such a storage area is very much dependent on the organizational strategy
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adopted to part production at the previous manufacturing level and is

likely to be large if traditional batch production is used.

The amount of parts to be stored prior to assembly can be low if an
adequate manufacturing strategy is implemented. This requires that part
manufacturing is synchronized with the parts for assembly requirements.
In other words, parts should be manufactured according the immediate
needs of assembly, i.e. a "just-in-time" strategy. At best, the set of parts
necessary for a single product should be manufactured simultaneously in
the same production run and before any other part. This organizational
form of production, based on assembly sets is called  assembly set

production, ASP,

Due to the rigidity of traditional manufacturing systems such a production
mode has been proved to be uneconomical. However FMS are highly

flexible and therefore are more suited to ASP .

ASP aims at finishing simultancously all the required parts to assemble a
single product. One way to achieve this is to palletise, in a single pallet, the
maximum possible number of parts of an assembly set and process them
together. This solution has been adopted to manufacture the set of parts

necessary to assemble a small enginel39,

It is possible for ASP to lead to low assembly set throughput time and also

low work-in-progress keeping FMS utilization high.

With ASP it is theorctically possible to conceive integrated manufacturing
and assembly systems with po inventory of finished parts. The pars
necessary for assembly could flow more or less continuously from the FMS
into an assembly system fed at the FMS output rate. However, due to
unavoidable variations in work flow rates between the FMS and the
assembly system provision for some storage of finished parts at the

assembly area is likely to be necessary in practice.
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4.2 ORGANIZATIONAL AND DESIGN ASPECTS RELATED TO

MANUFACTURING AIDS
4.2.1 Number and Type of Parts per Pallet

Parts may be palletised on one of two ways. Either a single part is carried

' by a single pallet or two or more parts can be palletised together.

When a single part is carried on each pallet the problem of part mix
within a pallet does not arise. However if a number parts | are to be
palletised together, the problem of knowing the type and number of parts
to palletised together has to be solved. The problem is primarily of an
organizational naturc although technical constraints must be taken into

consideration for arriving at feasible solutions.

When batch production is adopted, the need to palletise together a number
of identical pants is evident due to workflow and processing simplification
which would result from such a measure. Ideally the whole batch should
be palletised together for joint processing. Identical reasoning could be
extended to split and averlapped batch sizes when batch splitting and
batch overlapping is adopted. Similarly, in ASP, parts making-up an AS
may advantageously be palletised together for joint processing -provided

this is techmical and physically feasible.

4.2.2 Pallets and Tools Replication

Processing large batches of identical parts in an FMS can be undesirable as
discussed above. This undesirability is reinforced by two main reasons
related with the number of manufacturing aids required. One is the high
number of identical pallets and fixtures which might be neccessary. The
other is related to tools, i.e. cutting tools and other tools to be exchanged at
machine spindles. The last reason leads to two problems which must be
solved. First the number of identical tools each machine must be provided

with may have to be very high. The second problem is related to the large

size of tool magazines or buffers which may have to be provided. The tool
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magazines would have to be large enough to accommodate not only the tool
spectrum to process the appropriate part operation,i.e. a number of
clemental operations each of which requires a single cutting tool, but also
"a considerable degree of tool replication. This replication results from the
need for repeated processing in connection with tool life per tool.
Moreover when machine pooling is necessary in order to increase part
routing flexibility then the number of tools would have to be replicated
not only in the magazine of one machine but equally replicated in other

machines as many times as the number of machines pooled together.

4.2.3 Strategy to Reduce the Number of Manufacturing
Aids '

The problems mentioned above can to some extent be overcome if batch
sizes arc reduced to very low values and mixed with other batch types
during the same production run. This would have the effect of reducing
the number of tools fequired and also the number of identically fixtured

pallets.

Taken to the extreme ASP, section 4.1.2, should be adopted. The main and
basic difference relative to batch production is that in the ASP mode, the

parts being processed together are predominantly not identical .

As compared to batch production, in ASP the number of parts which can go
into a single pallet may also be one or more. However, ideally, the whole
set of parts for a product or assembly set should be palletised together for

joint processing.

In general we can conclude that, since tool replication in each machine is
likely to be small in ASP when compared to batch production, then a large
reduction in the number of tools to run an FMS can be expected. This is
¢ven more likely as the degree of machine pooling increases. However, if a
full AS is to be completely processed in each of the machines then a full set

of tools should be provided in each machine and therefore a tool
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replication at least identical to the number of machines in the FMS would

be required.

4.2.4 Strategy for Fixtured Pallet Design

The ASP-palletising approach must take system physical constraints into
consideration, Difficulties may arise due to the large number of different
tools which it may be necessary to load together into a tool magazine for
joint processing o.f the variety of parts palletised together. Tool magazine
size may therefore put a constraint on the number of different parts

which could be put together on the same pallet for joint processing.

The number and type of parts which may be palletised together for joint
processing also depends upon the system physical capability for handling
different tool types and on tool availability. Tool grouping . possibilities will
be determined by processing capabilitiecs of the machines. There would be
no clear justification to group tools, to be handled in a set if_ it could not be

loaded into the machine's tool magazine.
Thus it is necessary to know:
-the aumber and type of tools required by each part operation;

-the amount and variety of part-operations which can be processed

together;

-the total number of tools required to process together in a single

machine a selected set of part-operations and
-the size of the tool magazines at each machine,

The following conditions must be considered when determining the

number of pallets to accommodate the part mix:

-can the whole part mix be clamped together on 2 unique fixtured

pallet
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.can the part-mix be partitioned to be palletised in a number of

different pallets and
-does each different part require a paliet

In the first case the minimum number of identical pallets should be
provided to fully load the FMS. This can be initially calculated by equation
(6.14), section 6.3.2, and later tuned through computer simulation of say

daily production runs.

For the second situation a number of pallets can also be established, section

6.3.2.1 The difference is that pallets are not identical

When a different fixtured pallet is required for processing each part-
operation then the number of pallets is at least the same as pallet variety

which is identical to the number of different part operationms.

The probleﬁl of determining the number of pallets and tools is addressed in
chapters 6 and 10. In chapter 6 simple analytical calculations are
considered and adopted in chapter 10, section 10.2.9. In section 10.12
computer simulation is also used to determine the number of those

manufacturing aids to guarantee high FMS performance.
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CHAPTER 5 - ELEMENTS OF FMS MATERIAL FLOW SYSTEMS
51 INTRODUCTION

Material Flow Systems (MFS) are integral parts of FMS's and include the

two following main subsystems:
-Work Flow Systems (WFS) and
-Tool Flow Systems (TFS).

Work Flow Systems are particularly concerned with the transport and
handling of the workpiece through the system while Tool Flow Systems
deal essentially with the transport and handling of tools which are

exchanged at the machine spindles.

Work flow and tool flow may sometimes be carried out by the same Material

Flow System 44.35,

There are a variety of work flow system configurations126,123.112 and tool
flow systems configurations!13:45 for FMS's which have been studied in

depth and their advantages and disadvantages put forward.

This chapter focuses attention on the building blocks of MFS and presents

a classification and brief description of tooling system structures.

52 WORK FLOW SYSTEM ELEMENTS
Work Flow Systems may be divided in two subsystems:
-Work Storage Systems and

-Work Transport and Handling Systems.

WEFS components for such subsystems can be defined as basic elements

whose integration determines the work flow system configuration.
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5.2.1 Elements for Work Storage Systems Design

Figure 5.1 is a representative classification of the basic e¢lements and
approaches to storage and buffering. The eclements shown can also be
considered for storage of production aids such as pallets or fixtured pallets,

fixtures and in most cases tools as well,

When large quantities of a variety of parts or pallets are to be stored the
typical central store to be used is the static random access cell store whose
schematic representation is shown in figure 5.1-element 1. The first FMS,
the Molins 24 System137.138  which was never completely built, had
considered this type of store, for palletised work, laid-out vertically with

cell access by a stacker crane.

Frequently this static random access cell store appears inm a vertical form
although horizontal and inciined versions have also been applied?0.34, In

this case industrial robots are frequently used to access the stored element.

If the number of part carriers or pallets in circulation is small then
central storage can be efficiently provided by simpie stands on the floor,
figure 5.1-element 0. Such stands can be interfaced with part or pallets
transport and/or handling devices of which the most frequently used are
automated guided vehicles (AGV), carts and industrial robots (IR). A
turning cell which incorporates an cverhead robot for part and tool

handling with local storage using static stands is shown in figure 5.2.

Pallet storage on static stands which are accessed by a vehicle carrier,
figure 5.3, is one widely used concept for part storage and transport in
FMS. Advantages of this method are aspects such as high reliability and
.random part and machine access. In this work flow configuration, part
transportation is done in such way that a single part or set of parts can be
clamped on a single pallet which is later loaded into a machine.
Alternatively parts can stand loose on pallets and be loaded into the
machine part holding device by an auxiliary automatic manipulator, as

shown in figures ~ 5.4 and 5.5.

When parts in a system are low in number but are large and complex

needing long processing times in multiple stage systems, then the part or
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pallet vehicle carriers themselves, i.e. the transport ‘track' may work as an
in process work storage or pallet buffer. An example is the Kecarney and
Trecker FMS at Allis Chalmers?3, This solution can however be expensive
due to the high number of vehicle carriers that might be required.
Additionally the higher the number of wvehicles the more difficult the

control of the work flow will be.

The mobile circulating random access vertical store, figure 5.1-clement 2,
can also provide large storage capacity. However it apbears that this is not
recommended for large and heavy parts. Due to the high number of
moving parts of the store the risk of failure is large and reliability is low

when compared to static stores.

In addition to central stores there is a need for localized storage areas. This

can be achieved through buffers at machine arcas and other places

For the storage of work in process, w..p.,, there can be many solutions. The
use of pallet changers or two position shuttles, static stands near by work
stations and rotating multiple pallet buffers, figure 5.1 elements 0, 3 and 4,
are typical for both prismatic and rotational work carried on pallets as

well as for sets of tools carried on pallets or tool magazines.

If parts are small and clamping on pallets is not required then storage
systems made of multiple pallets racks are very common’?, Rotating part
or pallet buffers arc another possible solution, figure 5.1-element 4, which

c¢an also be used in this case.

Circular random access stores, figure 5.1-element 9 are not so common for
part storage and handling. When the store is static, it is functionally
similar to the static random access cell store, figure 5.1-element 1. An
example of application of the circular store sclution can be seen in the
ROTA-125 FMS!112, When the store itself rotates it can be seen as a
simplified version of the mobile circular random access vertical store

referred in figure 5.1-clement 2.
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5.2.2 Elements for Work Transport and Handling Systems

Most of the known work handling and transport solutions are direct or

combined applications of the building blocks shown in figure 5.6

Bar feeding mechanisms are widely used for manufacture of small
rotational workpieces. The integration in FMS of machines fed directly
from bar feeding mechanisms is not common although some applications

can be seen in practiced.

Bowl feeders are essentially used to feed parts into automatic machining or
assembly stations., They are mainly applied to the handling of small parts
for mass production. The need for flexible assembly automation directed
research into flexible bowl feeders which can handle a diversity of parts.
Flexible bowl {eeders were developed at Institut fir Produktionstechnik

und Automatisierung (IPA)-Stuttgart and by Bosh9.%5,

Gravity storage towers have applications similar to bowl feeders. They are
however better suited to feed processing machines!93 and to handling

larger parts.

Both storage towers and bowl feeders, when applied to FMS, have to be
interfaced with a part handling unit, which may be an industrial robot or

other handling mechanism, for closing the handling cycle3?.

Floor conveyors have been used in FMS for a long time. One of the first
FMS  built in the USA by Sundstrand at Ingersoll Rand Company, used a
floor conveyor for transport of  palletised work to, from and between
workstations24. Floor conveyors are very common for both pallet and part
transport. They can allow adequate flexibility for integration into an FMS
when provided with proper part and pallet recognition sensors and
auxiliary transfer mechanisms at critical path interception points. Critical
path interception points can be all passages at workstations and all points
where a branch from the conveyor exists. A good example of use of a
conveyor system for part delivery at FMS workstations can be seen at the
SCAMP FMS%2,

Overhead conveyors have the advantage of keeping floor space

unoccupied®4.145 which allows the free movement of people on the floor
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and complementary transport, at the floor level, by vehicles let them be

automated or not,

The work handling and transport devices falling under the classification
of traditional overhead cranes provide high flexibility but are rarely
suitable to be used in an automated manner for FMS. The reason is that
they are not much adapted to automated work and usually require the
assistance of onme or more operators. They are basically a means of

extending the man capacity and ability for work handling.

Stacker cranes, figure S.6-clement 5, on the contrary, are very suitable for
FMS. They are normally associated with static vertical random access cell
stores, figure 5.1-element 1. They can usually access randomly any cell of
the store. This combination of handling and storage is frequently seen as a

FMS central store and handling of parts and pallets.

Rotating pallet changers in addition to being work storage elements, as
seen in previous section, can also be seen as building blocks of the
material handling system., They are typical of many FMS systems for
prismatic work and to a less extent for rotational work FMS's as well, They
can cxchange the part or pallet with that on the machining place and can

also function as a local storage arca.

s
Rotating pallet buffers can be thought of,pallet shuttle changers of larger

capacity.

Floor programmable robots are industrial robots standing on the floor
having different degrees of programmability, flexibility and capacity.
They can be preseated in many different designs and have different
levels of versatility. The access space varies according to the type of robot
design, but above all is dependent on the maximum allowed movement of
the axes. Although floor robots can be mobilel32, they are usually fixed

cither on the floor or at a firm stand.

Overhead robots, on the contrary are usually highly mobile in linel22 or
over an areab7. There is a wide variety of application cases of overhead
robots for materials handling, not only for the handling of parts but also
for tool handling41.67,
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Computer controlled transport and handling vehicles are being
increasingly used. More frequently they are floor guided through tow
line, induction currents and radio frequencies. Such wvehicles can be
pulled by chains or the like, in which case they are normally referred to
as carts, or be self powered and automatically guided. In this case they are
usually referred to as Automated Guided Vehicles (AGV). Other guiding
alternatives  include the use of light sensors and colour contrast sensors.
AGV using infrared light sources for guidance are frequently used46.87

and laser guidance has also been reported36,

53 TOOL FLOW SYSTEM ELEMENTS
5.3.1 General Aspects of Tool Flow Systems

Tool flow in manufacturing systems in general and in FMS in particular,

requires careful planning.

If machines are very versatile they are able to perform a large range of
operations during the manufacturing period conditioned however by
those tools which a machine can access. If the access is restricted to a few
tools, the machine might only be able to function as a special purpose
machine and therefore, its versatility is not wused during the

manufacturing period.

To take advantage of FMS machinre versatility, short term scheduling may
be prepared off-line . In this case a machine loading plan can be
prepared for the manufacturing period, shift or day, where part
‘processing sequence and part and tool assignment to machines can be
established in advance of production. On the assumption that no machine
breakdown happens during the planned manufacturing period then
manufacturing according to the plan can be completely carried out by
providing the machines with only the required tools. If big disturbances
do occur during the planned manufacturing period then rescheduling the
work is likely to be necessary. Small variances may be coped with by

adequate  on-line redisposition controlll3,
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Tool_vari et

In FMS there is a predominance of multi-purpose machines, i.e. machines
which are capable of performing a large number of different operations,

due to a need for simplifying the control of tools and parts flow,

So, there is ‘interest in  establishing efficient tool flow systems with a
coordinated tool supply to the different work stations. This is particularly
relevant when tool wvariety and quantity can become large which
normally means that there are both economical and organizational
advantages in reducing the number of tools in the system. This can be
achiecved on the one hand by adopting an off-line preparation of FMS
loading plans based on the tools available, as referred to above, and on the
other hand through a variety of standardization and rationalization
measures directed at tool variety reduction$2:144,45, figure 5.7.

Taal iTabili

One major aspect in the seclection of the tool system configuration is the
.nccd to improve machine readiness as it is affected by tooling.
Consequently, there is intcrest in scparating, as much as possible, the tool
set-up function from the machine cycle. To achieve this, new tool system
configurations can be applied as will be discussed below. The best
configuration to choose is influenced by the degree of automation in
connection with the autonomous period desired for unmanned

manufacture and by other organizational aspects and economical reasons.

5.3.2 Tool Storage and Replacement Configurations

Tooling system configurations can  be developed from pertinent
combinations of basic tooling system elements, figures 5.8 and 5.9. They
include local and central tool stores, tool magazines, tool exchangers and
tocl and magazine transport and handling ciemcnts,'namcly vehicles,
conveyors and automatic manipulators (AM) such as industrial robots (IR)

widely used in TFS of many FMS's. A classification of basic tooling storage
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and replacement configurations which use the elements classified under

figures 5.8 and 5.9 is shown in figure 5.10.

When tools cannot be automatically -accessed for tool change at the
machine spindle, manual tool change has to be used, fig 5.10-configuration
1. Such a solution allows some degree of flexible automation but unmanned

working is not possible.

By providing the machines with an automatic tool change system,
performed from a local and/or central tool store or magazine, different

degrees of unmanned work are possible as indicated in figure 5.10.

Alternatively automatic access to a central tool store can be provided. This
solution permits a high degree of automation and, for large central stores,
can allow long periods of unmanned work. Morecover the solution can
provide a good level of utilization of tooling resources through a
continuous flow of tools from and into the tool magazines of the machines.
This configuration is likely to require constant computerized supervision
and control of the tool requirecments, tool function and tool life. A further
advantage of this system is that it may allow a reduction in the required
number of identical tools in the manufacturing system. However with
centralized tool storage configurations processing interference among
machines may result, when real time machine loading and operations
scheduling or sequencing i3 used. This is due to the fact that all machines
are sharing the same resources, in this case the same tool central store.
Therefore, at some instants it may happen that different machines are
"fighting" for the same tools or at least simultaneously requiring the
service of the tool exchange mechanism for tool change, This can largely
be avoided if off-line manufacturing loading plans are prepared in
advance and tools are accordingly and adequately provided. This mecans
that some degree of tool duplication may be required in the store. Anothér
disadvantage of this configuration is an increased risk of complete system
stoppage due to breakdown of the tooling system. To reduce this problem,
machines can be designed and prepared to also work standing alone and

tools manually changed while the tooling system recovers.
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Advantage can be taken from using centralized tool storage in single stage
FMS's, figure 5.11. In this case high part routing flexibility can be
provided even under minimum tooling requirements. This is possible
because in such systems any machine is theorctically able to process any
part-operation. However, such routing flexibility is not available under
multistage FMS's, i.e FMS's where part processing usually requires the use
of most of the machines in the system, either for local or central tool
storage because machines can pérform only a given type of process. In
these systems a central tool s:drage is parﬁcularly justified for unmanned
work. But in this case tool duplication is likely to be required to back-up

tools which wear out.

If local tool storage is used under single stage systems, unless some degree

of tool replication is used, part routing flexibility is not available.

Additionally, with minimum tooling, the centralized approach does not
allow for independence of working units which in terms of reliability and

flexibility can be considered a bad solution.

Automatic tool replacement can be enhanced to allow tools to be replaced
during processing. Frequently however, tool replacement is still done with

the machine stopped.

When tool magazines are an integral part of the machine, tool replacement

" at the machine is normally done on an tool by tool basis, figure 5.10.

A tool replacement back up tool store can be provided which, as shown in
the same figure, can be accessed either manually or automatically by
means of an industrial robot or other automatic tool handling device or

manipulator.

A few versions of this arrangement can be found in practice. ‘They are
designed to accommodate the tools needed for part processing and reduce
waiting time of the machine. Typically the tools in the tool magazine are
replaced with the tools in the back up stor¢ to cope with next part
processing requirements37.75, The tool buffer may function as a means of

increasing the local tool storage size.
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By using the exchangeable magazines approach, in a manner which is
similar to part replacement at machines, tcol magazine replacement could
possibly be performed during processing, which means that productive
- time of machines can increase. In addition, since the tool magazine or
buffer represents an increased capacity of the local tool storage, longer

periods of unmanned manufacture can be achieved.

. This multi-magazine replacement approach can be associated with two

basic arrangemenis as shown in figure 5.10:
1 - Local tool magazine store
2 - Central tool magazine store

In the first case the tool store is local with one or more magazines on a

buffer which can be replaced with that being used.

In the second case the bulk of tool magazines or pallets with tools, destined
for more than one machine, are located in a central tool magazine store.
They are transferred to the machine areas through mechanized or
automated transport equipment. A small tool buffer might be provided at

the machine area.

Multi-magazine replacement can be highly functional because tbol
magazines can be associated with the processing requirements of the parts
on a pallet or pallet group. However, the sclution is likely to require
considerable investment in tool magazines. To reduce this, tool magazines

should be simple and standardized.

When the flow of tool magazines is "linked" to that of part carriers or
pailets the control of the flow of tools and parts is simplified and
synchronized . In this case the same pants pallet carrier may also

simultaneously carry the tool magazine for processing them.
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CHAPTER 6 - INITIAL ASSESSMENT OF TOOLING AND PALLET REQUIREMENTS
6.1 INTRODUCTION

The development of an FMS requires technical, economical ard

'performance analysis of the alternmatives for control, machining and

material flow systpms32-127-110. Interrelated with these three main areas
are the important manufacturing aids of tools to be used in the machine -
spindles and part carriers i.e pallets and fixtures. It is necessary to

determine both the types and quantities of such aids, figure 6.1

For rotational work pallets are wusually simple and parts are rarely

'clamped on them. In this case the fixturing system is usually an integral

part of the workstation although this may also be the case for some

prismatic work, figure 5.5 .

For prismatic work, fixtures and pallet bases are frequently combined in
what can be called a fixtured pallet onto which parts are firmly clamped

forming a compact unit. This unit is then transported, handled and

. positioned at workstations for processing. A classification and schematic

representation of palletisation alternatives most commonly seen is shown

in figure 6.2.

Among the most important FMS aids are the tools to be exchanged at
machine spindles. The central part of this research work is the solution’
the  tool grouping configuration problem in connection with the
determination of the best number of tools to manufacture a given part mix

with the aim of achieving good FMS performance.

In this work, the assumption is made that tools are grouped based on part-

. operation processing requirements and transported in groups which are

loaded into tool buffers at machining areas. This view of tooling transport
and replacement accounts for many tooling flow configurations found in
practice which were classified in figure 5.10. In particular the cases of
magazine replacement fall within this assumption as do configurations 2, 3

and 4 shown in that figure.
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A solution to the tool grouping problem consists of finding groups from
the available tools to be loaded into machines based on part processing
requirements and routing alternatives subject to tool magazine sizes in

such a way that good FMS system performance can be achieved.

A methodology for the dynamic solution of this problem is approached in
the following chapters, Here however an analytical methodology for
initially determining the number of manufacturing aids, in particular

tools and pallets, is given.

6.2 NUMBER OF TOOLS TO RUN AN FMS
6.2.1 Number of tools for an Autonomous Manufacturing -
Period

While tool variety is primarily determined by the variety of pan
operations, the total number of tools required is dependent. on the length
of the pericd for which tooling autonomy is desired, figure 6.3. A tooling
autonomy period is a length of time of manufacturing during which no

tools are fed or removed from the FMS.

In this case the average number of tools required is given by:

N' = meT/t] (6.1")
where: .

N' is the average number of tools for an autonomous tooling period
T is length of the manufacturing planned period

t1  is the average tool life

m is the number of machines in the FMS

As an cxample, considering a manufacturing period of a 3 eight hour
shifts, i.e. a 24 hour day work, and 10 machines in the system.  For an

average tool life of 20 minutes the number of "tool lives" required is:




N' = 10*(24*60/20) N'= 720 "tool lives"

Therefore for complete tool autonomy during the 24 hour planning period

a total of 720 tools would be nececssary.

Thus for an FMS with m machines on average each machine would use N'/m

tools.

This assumes that machines are fully and constantly utilized in actual
machining during the plﬁnned manufacturing period T and that all tools
are used to their full lives. If expected average machine utilization in
actual machining is U than the required number of tools could be

expressed as

N' = U(meT/tp) (6.1)

N' should be interpreted as the number of "tool life tools” which are

required for a manufacturing period of length T.

6.2.2 Number of Required Tools in the System

When tools can be fed into the FMS during the planned period, as old tools
wear out and are removed, then a much reduced number of tools is likely to

be required in the system at any time.

To determine this number let us consider first that t; is the average tool
throughput time, inside the system, until tool life ends. This time will be
called average tool cycle time, figure 6.4. After this time a tool tip may be
replaced and the tool reused. Alternatively, for non reusable tools, tool
replacement is required. In cither case the average number of tools in the
system at any time is kept constant. It is in fact as if the tools were reused
with new tool lives. A dummy usage rate per tool can therefore be
established as a function of the manufacturing planned period T and

average tool cycle time t, and is given by:
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TR = T/ (6.2)

where

TR is the number of times tools are used or substituted after tool life
ends during a manufacturing planned period.

ty is the average tool cycle time.

And therefore the average number of required tools in the system at any

time is scaled down by the TR factor, i.e.:

N = (NYTR)
or
m(T/t1)
N = T/tt

and therefore:
N = mey/ty (6.3)

It is interesting to note from equation (6.3) that the number of tcols
required in the FMS .at any time is not dependent on the length of the
manufacturing period but dependent on tool cycle time and naturally on

tool life and number of machines.

Tool cycle time includes not only the time the tool is involved in
processing but also the time the tool is delayed in the system due to

waiting, transport, handling and set-up or preparation.
t¢ can be expressed as:
ty = 1] +tg +Hg Hw (6.4)

with:

t] - Average tool life time
ts - Average tool set-up time per tool cycle

tc - Average tcol transport and handling times per tool cycle

tw - Average tool waiting time due to storage and buffering during
manufacturing per tool cycle
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Therefore N can be rewritten as:

N =m (] +g +tc +tw) /1] (6.5)
or |

N = m + m(ts/t1) + m(te/t]) + mtw/t1) (6.6)
or

FI = ﬁm + Ns + ﬁc + Nw (6.6')
where:

Nm are the tools used at machining, m
Ng  arc the tools used at preparation and set-up, m(ts/t])
Nc  are the tools being carried or handled, m(te/t)

Ny are the tools waiting in system, m(tw/t1)

From equation (6.6) we can see that reducing tool waiting and the time of
some activities such as transport and tool set-up can mean a reduction in
tools required in the system. Dependent upon the amount of time this

could be a substantial reduction.

6.2.3 Tools Removed Before Tool Life Ends

Equation (6.5) can be adjusted to take account of tool replacement before

tool life ends.

Thus if, due to technical, organizational or economical reasons resulting

from system operation, tools are not used-up completely the number N of

required tools in the system increases and is be given by:

m(Beti+tgitciw)
Bet]

N= (6.7)

where

8 is the average proportion of used tool life.
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It is as if the average tool life had become equal to tlg = Bet] .

6.2.4 Minimum Number of Required Tools in an FMS

The minimum average number Npin of tools is obtained when tools do not
wait, that is, they are constantly used for part processing, being

transported or set-up. So:
Rmin = m(t +g +tc) /11 (6.8)
and for partially used tools it will be given by:

Nmin = m(Bet] +tg +t¢) / Betg (6.8")

This assumes that tools flow continuously between machines and tool
preparation area and therefore theoretically no tool stores are necessary.
This situation is similar to the flow of parts in a pure part flow line without

intermediate storage buffers between stations,

6.2.5 Tool Requirements Considering Tool Life Differences

The number of required tools in the system  has been  determined
considering that all tools in the system have identical values for average
tool life and average tool throughput time, For tool life variations to be

taken into account, we can write:

=1 t]j+tg +ic +tw
N=¢ Z m TR | (6.9)

N is the average number of required tools in the system

t]i is the average tool life of tool type i
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n - Number of different tools to be used during the planning

period.

6.2.6 The Effect of Tool Cycle Time Variance on the

Minimum Number of Tools Required
. We have seen that :
Nmin = m(t +ts +tc) /1 (6.8)

If time variances are to be taken intoc account and if the Normal

Distribution applies to the minimum number of tools in the system, then:
Nminaﬁmin +28Nmin (6.10)

for about a 97.5 % confidence level, where SNy ;, stands for the standard

deviation of the Npin variable.

It can be shown?? that

2
SNrmin ~ 3+ S5 T (6.11)

Where %2 and 512 stand for the variances of ty , with the normal variable
th = tg+tc, and t} respectively.

When the coefficient of variance 6f the variables is less than 15%, (i.e.
S/u) the standard deviation SN,;, can be obtained from the variances of t]

and 1 respectively Sl2 and Shz byl8:




m2 § 4 m2t*
)] 2 h
SNmin = — + S 1 2 (6.11")
t t
6.3 NUMBER OF PALLETS TO RUN AN FMS

The analytical methodology developed for determining the number of tools
can casily be extended to calculate the required number of pallets or

fixtured pallets to run an FMS.

In fact the analysis is similar, The basic difference derives from the fact
that pallets are practically always reusable within the manufacturing

period while tools may not be.

6.3.1 Number of Pallets for an Auntonomous

Manufacturing Period

During a manufacturing period with pallet autonomy no pallets are fed

into or removed from the FMS.

The number of pallets necessary to manufacture a given part mix in an
FMS may be dependent on the length T of the manufacturing planned

period and can be given by:

P'= m-Tlpp _ (6.12")
where:

P' is the average number of required pallets

pp is the average processing time per pallet set-up at a machine or
workstation

T is the length of the manufacturing planned period

m is the number of available FMS workstations
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If for example

pp=25 Min
T =24 Hour (three cight hour shifts)
m=10 workstations

then:
P = 10%(24*60/25) = 576 pallets

If pallets could not be reused during the manixfacturing period, say
because the period was unmanned and repalletisation could not be carried
out, then 576 pallets would be the average number of pallets necessary
assuming that machines could be fully and constantly utilized in actual

processing during the manufacturing period.

If an average machine utilization U is taken into consideration then the

average number of required of pallets will be:-
P' = U(meT/pp) (6.12)

In general P' is the average number of pallet set-ups for processing
carried-out during the manufacturing period. The  required average

number of pallets can be much smaller if pallet reusage can be achieved.

6.3.2 Number of Pallets Required to Run an FMS

In general the number of pallets required t0 run an FMS is determined by
the pallet cycle time. This is the average total elapsed time from
pallctisation to repalletisation which includes palletisation time itself,
processing, handling and positioning, transport and waiting times, figure
6.5. This cycle time determines therefore the pallet usage rate per

manufacturing period which is given by

PR = T/t (6.13)

where

PR is the average number of times a pallet is used during the
- manufacturing period '
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tp - Pallet cycle time

Thus, the number of pallets actually necessary to run an FMS is given by:

P=PF /PR
or
B m(T/pp)
= Ty
and therefore
j (6.14)
Pp

This shows that the number of pallets required can be independent of the
length of the manufacturing planned period and determined by the
number of available workstations, 'pallet’-operations processing time and

pallet cycle time.

Clearly if palletisation is manually performed and unmanned working for
long periods is required, then the pallets’ cycle time can become identical
to the length of the planned period T  and therefore the numbcf of pallets
continues to be given by expression (6.14) with tp equal to T.

Pallet cycle time, figure 6.5, can be expressed as:

where:
pp is the average time a pallet is involved in processing per set-up at
a workstation
ps is the average time a pallet is used for part(s) palletisation per
pallet cycle
pc is the average pallet transport and handling times per pallet cycle
pw is the average pallet waiting time due to storage and buffering
during manufacturing per pallet cycle

Therefore P can be rewritten as:

-P' =m(PD + pSp;' Pe * pW) (6.16)

or
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P =m+m (ps /pp) + m (e /pp) + m (pw/pp)

or
P =Py +P; + P + Py (6.16")
where :
Pm  is the number of pallets used at machining, m
Ps is the number of pallets used at preparation and set-up, m(ps /pp)
P, is the number of pallets being carried or handled, m (pc /pp)
Py is the number of pallets waiting or stored in the FMS system,
m(pw/Pp)
6.3.3 Taking Account of Pallet Variety

When pallet variety is smaller than the value given by expression (6.14)
then pallet duplication is necessary. On the other hand if the number of
pallet types is larger than the average number of required pallets it may
be assumed that on average no pallet duplication is necessary. The
adequacy or inadequacy of such an assumption is very much dependent on
the diversity of manufacturing operations, at any instant, in the FMS and
can be evaluated through the use of computer simulation of

manufacturing.

Due to variations of processing times per pallet set-up and other system

variables it is very likely that in practice a larger number- of pallets than
equation

the value given by, (6.14) is required. The value obtained constitutes

however a good design guide line which can be a starting value for FMS

simulation.
6.3.4 Minimum Number of Required Pallets
The minimum number of required pallets Ppin is obtained when

waiting and storage of pallets is avoided, that is, pallets are constantly
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recirculating through the system and constantly renewing their load.

Therefore:

5 - - m(pp + Ps + Pc)

min < P
p

or

= m(ps +

Buin= m +_£?pST_P_°_). (6.17)
or, making ph = Ps + Pe:

Pin = @ + ——it (6.17)

Pp

Usually = there is a need for a number of pallets larger than Pmin due to two

basic reasons:

"1 - Dynamic losses due to scheduling constraints can occur. This
causes pallets to wait in the system before they can be loaded into

machines

2 - The need for some buffer work to keep machines running for
some periods without the necessity to perform part palletising

operations.

6.3.5 The Effect of pallet Throughput Time Variance on
the Minimum Number of Pallets Required

We have scen that :

m*pPh

Bp (6.17")

Ppnin = m +

If time variances are to be taken into account and assuming that the
Normal Distribution applies to the minimum number of pallets in the

system, then:
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Pmin = Pmin + 2 SPmin (6.18)

for about a 97.5 % confidence level, where SPmin Stands for standard

deviation of the Ppin variable.

It can be shown?? that

284 2 p 4
m Sh X mspy
SPpin = 5 +Sp 3 (6.19)
Pp Pp

Where Sh2 and sz stand for the variances of pn and pp respectively.

When the coefficient of variance of the variables is less than 15%, (i.e.
S/p) the standard deviation, SPp;, can be obtained from the variances of

pn and pp respectively Sh2 and sz by!$:

2 s 2 2 o 2
| m Sh ) msop |
SPoyin = — + S y (6.19")
Pp Pp
6.4 USEFULNESS OF THE ANALYTICAL APPROACH

The previous analysis gives a first approximation of the required number
of FMS pallets and tools. The method is analytical and does not take into
account the dynamic operation of the system. As a consequence, it offers
values which can only be considered as a first estimation of the number of

such FMS manufacturing aids.

The number actually required of each FMS component is highly'

dependent on system flexibility and on dynamic variables and aspects of

system operation which naturally, due to complexity, cannot be dealt with
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analytically. Such dynamic aspects include operative strategies and

sequencing priority rules which are used in the operation of FMS.

Tool variety and also pallet and fixture variety are closely related to
machine types used, but are above all  dictated by part variety and

processing operations variety.

The number of these production aids is dependent on the number of
machines in the system and on the average cycle times, as defined in the
previous sections. This number can also be influenced by parts and

operations variety.

Further, as seen before, the autonomous planning period for part
production can also be important in establishing “the right amount of

production aids required.

To estimate the number of FMS components required and in particular, the

number of pallets and tools, a study was presented in sections 6.2 and 6.3 .
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CHAPTER 7 - SOME ASPECTS OF FMS MANUFACTURING CONTROL RELATED TO

TOOLING
7.1 MACHINE GROUPING AND MACHINE POOLING
7.1.1 Introduction

Machine Crouping and Machine Pooling are usually seen, according to
Steckel08, as related concepts to mean that any of the machines in a group,

said to be pooled together, can perform the same operations.

"In particular when it becomes time to perfofm a particular operation it
need only find one of the pooled machines free"108, This assumes that the
tools for the entire set of operations assigned to a machine group are
available when necessary, i.e. tooling resources to be exchanged at

machine spindle are not 4 constraint.

7.1.2 Machine Pooling as Tooling Dependent

In this work a distinction is made between a machine group and a group of

pooled machines to take tooling resources into consideration.

A machine group, MG, is defined as a group of machines similar enough to
process the same set of operations provided they are loaded with
appropriate tools. A MG can therefore be established before production
starts and is essentially dependent on technical and technological

similarity or equalness of the machines,

- A pool of machines, .PM, on the other hand, is a group of machines such
that any machine within the group can actually be a real time part-
routing alternative to a number of identical part operations to be
processed simultancously by each of the  pooled machines. This simply
means that if, at a given instant, tools for a set of identical operations are
made available simultaneously at two or more machines, provided the
machines are equally able to process the operations, then such machines

are said to be pooled together,

This situation shows that machine pooling can be both dynamic, i.e. time
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dependent, and also static. In this latter case tool loading configuration
does not change during the manufacturing planned period. This can be
established before production starts. In this case the machines would be
tooled for each production planned period as if they were part of a rigid
flow line in the sense that tools were not replaced during the production

period

Dynamic pooling results from a continuous flow of tools, during the
manufacturing planned period, between machines and between these and
a tool central store. In this case the machine pooling situation is not
established before production starts; on the contrary it is a consequence of
the control of the work through the system, i.e. of the manufacturing
control process. This dynamic view of machine pooling is adopted in a

.simulation model of FMS's, chapter 9.

7.1.3 Degree of Machine Pooling

When tool distribution or allocation among machines changes then the

machine pooling configuration may change as well.

Different degrees of machine pooling can be established within -each MG
depending on the amount of tool replication available for each MG at a

given instant in time.

* . s . -
-

We can think of partial pooling as meaning cither that only a subset of all
part operations assigned to a MG can be simultaneously processed on the
machines of the group or that only some of the machines in the group are
able to simultancously perform the part operations assigned to the MG or
that only some of the part operations assigned to a MG can be

simultancously performed by only some of the machines of the group

In. the first case tools for only some of the parts are replicated in the

machines of the group. In the second situation tools to process all of the
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part operations are simultancously available but oaly at some of the
machines of the MG, In the last case tool replication exists only at some of
the machines and only to process some of the part operations assigned to
-the MG.

Total pooling - Full tool replicati

Total or full pooling is achieved when in all machines there are available
all of the required tools to process the entire set of operations assigned to
the MG. In this case there is full tool replication in every machine of the

group.

z la -Ii l ! l‘. =

If any single operation of the set of operations assigned to a MG cannot, at
a given instant, be performed by two or more machines then a zero
pooling situation is met. And if, due 1o tooling unavailability within the
FMS such a situation always occurs then the system works under the
lowest tooling level, i.e., there are not duplicate tools available to allow the

alternative processing of an operation in two or more machines.

7.1.4 Machine Grouping énd Machine Pooling Generation

Machine Grouping is both an FMS manufacturing planning problem and
also an FMS design problem. Also, aithough it is possible to establish FMS
Machine Pooling at the planning level, it is essentially a manufacturing
operational control problem, i.c. one which is dependent on the control of

the workflow through the system,

Machine Grouping is a design problem in the sense that the machines'
physical and technological configurations, which are decided at FMS
design level, impose restrictions as to which machines can be grouped
together. If a high degree of flexibility for part assignment to machines is

aimed at then machines should be identical or as similar as possible.
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At manufacturing planning level MG's may be established to satisfy the
processing requirements of a given part mix for a given part operation
mix to be produced in a given manufacturing period. Eventually the
machine grouping configuration may change with part operation mix
changes for different planned manufacturing periods. When the
machines are identical the machine grouping configuration is

unchangeable by nature.

Machihc pooling can be secen as a manufacturing planning problem in
two ways. Firstly because pooling is likely to be conditioned by the
machine grouping. Secondly because the assignment of tools to machines
may be made before production starts and kept unchanged during
production for the planned period. On the other hand machine pooling is a
manufacturing operational control problem in the sense that during real
time control of an FMS, tools may be exchanged between machines and
also with the seccondary tool store or stores. Therefore the possibility of
machines simultancously processing identical operations changes during

the manufacturing period and with system state.

7.2 MACHINE LOADING AND MANUFACTURING CONTROL OF FMS
7.2.1 The Influence of Cutting Tool Resources

The machine loading problem is traditionally defined as the assignment of
a given workload among the machines of a manufacturing system. In
particular it can be scen as the "assignment of a given workload among a
number of machine groups" whose machines within a group can perform
the same set of operationslog. This is considered a production planning
problem and is therefore solved before production starts, This view of the
loading problem assumes that ihe machine grouping has been performed

and part mix selected.

A solution to the problem of assigning the work among machine groups
does not solve the real FMS machine loading problem, i.e., the assignment

of the work load among individual machines.
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It may be argued that since machines within a group can perform the
same set of operations then on-line manufacturing control of the FMS will
naturally solve that problem in a way which loads the next part operation
into the machine which becomes frec first!O8. However, this requires that
every machine within the group is provided with identical tools or, at
least, with the tools which can process the whole set of operations
assigned to the MG. Thus a considerable degree of tool replication would be
required. But in FMS's this is highly undesirable due to additional cost of
tools, tool storage and handling, tool organizational problems including
tool life control and tool information handling. Moreover prdvision for
storage of large numbers of tools within the system would be necessary.
Eventually, if tools to be accessed by machines were to be stored in the

machine areas, large tool magazines ‘would probably be required.

7.2.2 Tool Savings

In a group of machines, potential tool savings offered by machine
similarity or equalness can be explored. In fact the strictly minimum
number of tools, without tool duplication, i.e., no duplication of tools to
process one Oor more part operations, may be acceptable to run an FMS. In
some cases a good level of system performance may be achieved under
such minimum tooling depending naturally on part mix processing
requirements and on manufacturing - control. This would be particularly so
when the tools could continuously flow between the machines of the
groups and tool stores, in real time, according to processing requirements

of parts.

Tool flow can be achieved either on an individual tool basis or on a tool
group basis. These groups can include tools to perform respectively one or
more different part operations. It is clear that the configuration of such
tool groups could affect system performance. Thus careful design of the
tool'_ grouping configuration 1is desirable which should obtain
configurations which minimize the number of tools for a proposed level of

FMS system performance.
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In an FMS, the provision for continuous replacement or tools interchange
among machines during manufacturing allows full advantage to be taken
of machine similarity and versatility in order to reduce tooling
requircments for the planned period to a minimum. In such a case, even
under no tool duplication, part operation routing alternatives can still
exist, i.e. a part may be processed in the machine which first becomes free
provided no other identical part operation is already being performed in

another machine using the required tools.

7.2.3 Manufacturing Planning horizon

If the overall assignment of work to MG's can be performed during
produdtion planning, the assignment of parts and tools to individual
machines is most likely ‘bcttcr carried out during manufacturing control.
This results from the knowledge that the probability of success of planned
manufacturing control actions is larger as the planned period becomes

shorter.

Thcrc' are difficulties in attempting to solve the FMS machine loading
problem before production starts. These difficulties arise from the fact
that the work load assignment to individual machines is not only
dependent on the machine grouping but also on the state of machines and
tools availability at the moment part processing can start. This cannot
easily be envisaged before prodﬁction for the manufacturing planned

period starts, i.e. at production planning.

The FMS machine loading problem may be seen therefore as both a
production planning and a manufacturing control one. Manufacturing
control includes the control decisions to achieve the control of the flow of

work and flow of tools through the system.

This view of the machine loading problem has been adopted in this work
and implemented in a simulation model to support the study of the
influence that the number of tools and their possible combinations in

groups can have on FMS performance.
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7.2.4 The - Influence of Pallets and Fixture

At this stage it is clear that work assignment to machines based on
machine grouping alone does not solve completely the machine loading
problem in FMS's. Any such aésignment must have also the availability of
manufacturing aids taken into account. This is true mot only for tools, i.e.
tools to be exchanged at machine spindles, but also for pallets and fixtures.
Thus even under duplicated tooling simultaneous processing of identical
parts in different machines is not possible unless duplicated fixtured
paliets, or the like, are aiso available to be loaded into such machines.
Therefore the control of the flow of work through the system must take
tools and other manufacturing aids into consideration before actual

loading of parts to machines can be done.

Tools and fixtured pallets have been considered in the simulation model,

chapter 9, as constraints on the loading of work onto machines.
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CHAPTER 8 - STRATEGY FOR DESIGNING TOOLING CONFIGURATIONS FOR FMS
8.1 THE NEED FOR TOOL GROUPING

The processing of parts in manufacturing systems in general and in FMS
systems in particular is primarily dependent on the machines available
and the tools to carry out the operations. It is necessary to group the tools .
to process the required part operations. Such groups may be loaded into

the magazines of the machines.

When deciding on loading parts onto machines it is not only necessary to
find a machine to process the part but it is also necessary to find the

required tools which may or may not yet be loaded into the machine.

Whenever machines are special purpose ones, then a particular set of tools
is permanently associated with a machine. In this case selecting tool
groups to process the parts is equivalent to chosing the right machine on

which the part must be processed.

In FMS's, the machines are usually fairly similar and multipurpose and in
many cases arc identical. Thus tool groups are not specifically associated
with particular machines; on the contrary, many tool groups, within
magazine size constraints, may be interchanged between machines. This
however does not mean that parts can be processed anywhere at any time.
The right tools must be available at the machines at the right time, or be

ready at a central store to be loaded..

Usually there are a limited number of tools to run an FMS. For the sake of
simplicity and system efficiency grouping is normally done, subject to
magazine size constraints, to include complete sets of tools for one or more

| part-operations.

It is necessary to determine which tools to combine together to form the
groups to be loaded into the machine in order to achieve good levels of
system performance. This may depend on many factors among which are
the processing requirements, th.e configuration of part-pallet loads, the
number and type of available tools, the processing capabilities of the

machines and magazine sizes.




32

If tool combination in groups can affect FMS performance so can the total
amount of tooling available. In particular there is a need to know how FMS
performance behaves for different levels of tooling including minimum
tooling and maximum tool replication in every machine, There are many
interrelationships between system elements and modes of operation which

make it difficult 10 have an intuitive knowledge of this behaviour,

3.2 TOOL GROUPING COMPLEXITY PROBLEM
8.2.1 Introduction

In selecting the best final tool grouping configuration for minimum
tooling to run FMS systems to achieve planned production objectives, many
possible combinations of smaller tool groups, starting with a number of

basic tool sets, can be considered.

A basic tool set is defined as a group of tools required to carry out a given

part operation. |

When some part operations are processed together in one pallet joading at
a machine, a tool group made up from the necessary basic tool sets can be
formed. In the example shown below 2a single tool group may be defined to
process first operations of parts 1 and 2 if these are palletised ‘and
processed together. Similarly a group of tools can be defined from the

basic tool sets to process operations 1 and 2 of part 3.

Example:

Part types 1 2 3

Part operations

2 ik

Fixtured pallets
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8.2.2 An Analytical Method for Determination of the
Number of Tooling Configurations

A mathematical method for determining the number of possible tooling
configurations has been derived by induction from the values shown in
table 8.1 obtained from generated tooling configurations as shown in

appendix 1.
In general the number of possible configurations G; with n tool groups,

containing t basic tool sets, section 8.3.1, is obtained by the following

recurrence formula:

t—

Gt =aGhl4ct] nst (8.1)
With: Gh=0 ad G =1

Therefore the total number of possible tool grouping configurations of t

basic tool sets is

t
G = TG , ( 8.2)

It can be shown, table 8.2, that:

L t t-1 . t
pA G, = 3 n G, , with G, =0 (8.3)
n=]1

n=1

A graphical representation of Gt is given in figure 8.1.

n expresses the number of tool groups obtained from combining the basic

tool sets required to process the work at the FMS,

Whenever n is less than the number of machining centres, m, in an FMS,
then m-n of such machines are bound to stay idle. In such a situation a set

of ‘infeasible' tool groups would be obtained. Therefore the minimum
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number of tool groups to be configured must not be less than the number
of available machining centres in the FMS. The set of all such possible

tooling configurations with m or more tool groups each, say the feasible
tooling configurations, which is a partition of G¢, equation (8.2), is given

by:

t
Om= I G (8.4)

n=m

Or , more generally:

1
" (8.5)

t-1 ¢ t-

n=m+1

This formula is a generalization of formulas (8.2) and (8.3).

In particular for a FMS with 4 machining centres the combination of 9
basic tool sets, corresponding to an identical number of part-operations,
gives 17866 configurations with at least 4 tool groups, table 8.2, If the
number of basic tool sets increases by one the number of configurations is
raised to 104747 and for another tool set the number of tool grouping

configurations with at least 4 tool groups each are 637956,

It can be concluded therefore that for a real FMS system compiete
enumeration of all possible tooling configurations is usually unacceptable
for finding the best tool group formation to manufacture a given part mix
during a planned manufacturing period. The complexity of the tool
grouping problem suggests the need for heuristic rules to  simplify the

task of obtaining good tooling configurations for efficient FMS operation.

8.2.3 Strategy for the Generation of Tooling

Configurations

FMS performance under a particular tooling configuration can be
evaluated through computer simulation and the results of the simulation
be used as a stepping stonme, to a new configuration which may lead to

improved performance.
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An iterative method can be envisaged which requires the joint utilization
of both a simulation model and some form of heuristic decision method
which, based on the réSults of the simulation, can help to generate tooling
configurations. In particular a set of heuristic rules for tooling

configurations design can be established.

A study of the performance of the heuristic rules for the tool combination

process, developed in section 8.4, is reported in chapter 10.

8.3 BASIC TCOL SETS AND GROUPS
8.3.1 Basic Tool Sets - BTS

As a first step a number of basic tool sets can be defined from all available
tools. The criteria used-fbr defining the basic tool sets are based on the
tools required by each different part operation of the part-mix to be
processed within the FMS.

At an absolute minimum, a single tool may constitute a basic tool set. More
frequently however a few tools will be required to carry out each different
part operation in one set-up. Therefore at this tooling combination level a
tooling configuration is defined by grouping individual tools into basic
tool sets (BTS).

8.3.2 Basic Tool! Groups - BTG

It is logical and advantageous from the point of view of FMS performance
and simplification of manufacturing control to avoid unnecessary
movement of parts or pallets during part processing. Nommally it is good
policy to process as many different part operations in a machine, in one
single set-up, as possiblel07.33 | This implies that pallets may carry a
number of parts, identical or not, whose operations can be processed
jointly in one pallet load at a machine. As a consequence the tools required
to process the operations of the parts on a pallet in a single set-up at a

machine, can be grouped forming what wiil be called a basic tool group.
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The minimum number of basic tool groups necessary for processing a given

part mix will be termed the Basic Tooling Configuration (BTC).

8.4 HEURISTIC RULES FOR TOOL GROUPING
8.4.1 Introduction

Tool combination in BTS's and BTG's are logical steps in the tool
combination process which leads to the Basic Tooling Configuration.
Heuristic tool combination can be applied to BTG's and possibly to BTS's for
generating a variety of tooling configurations. During this process some

tool duplication may be necessary when this can be proved advantageous.

In looking for a good strategy for tooling configuration design a variety of
strategies were initially considered. These were based on the a priori belief
that they could be effective in leading to tooling configurations under
which FMS performance would improve. This is primarily measured as the
combined objectives of high machine utilization and high assembly sets

output per manufacturing period.

Examples of such strategies for tool grouping are to combine tool groups
whose wutilization is low and duplicate those which are highly utilized. A
number of possible means of grouping were examined and some discarded

owing to poor performance

One aspect which influences tool combination or tool grouping is the
machine grouping configuration. A machine group is a partition of all
available machines such that any of the machines in a particular group is
able to perform the same subset of operations of the operation-mix,
provided the necessary tools arc loaded in each machine of the group. Two
or more machines are said to be pooled together if they belong to the same

machine group and are simultaneously provided with identicai tools.

When machines are identical or similar enough to perform the same part-

operations they are ail grouped together.
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An arrangement of all available tools in replaceable tool groups to
completely process the operation-mix has been called the Tooling

Configuration (TC).

The tools which are necessary to process the part-operations  associated
only with a specific machine group, can therefore be allocated only to the
machines within that group. These tools constitute a partition of a set of
tool groups formed to process the part-operations mix, i.e. of a tooling.

configuration. Such a partition is called a Subtooling Configuration (STC).
A tooling configuration therefore embraces its subtooling configurations.

One of the objectives of this work is to find ways of generating tooling
configurations, i.e. the generation of all their subtooling configurations

for high FMS performance.

8.4.2 Ge;leral Tool Combination Heuristic Criteria
The tool combination heuristic rules have both:
-general, common criteria and also
-specific criteria.
Specific .criteria are referred in the next sections, for each rule in tum.
The general and common heuristic .criteria are:

1 - The tool group combination process ends when the

minimum number, Gmin, of tool groups allowed in a tooling
configuration is reached. This minimum number is given
by:

g .
Gmin=kz Dkmin (8.6)
=1

where:

g - is the number of FMS machine groups




838

Nknin - iS the mirimum number of acceptable tool
groups in the STC

but Oknmip = Mk With mg being the number of
machines in the machine group k

2 - Tool grouping starts with the basic tooling

configuration, BTC, section 8.3.2, by combining iteratively

and successively pairs of tool groups. As a result of each

iteration a mnew tooling configuration is generated.

3 - Tool groups containing identical basic tool groups, BTG,

must not be combined.

This is necessary to avoid forming tool groups with

duplicated tools.

4 - The selected pair of tool groups to be combined must

belong to the same subtooling configuration, STC.

5 - Tool groups whose utilization is larger than or near? to

1,0 are not combined with any other tool group.

Tool group utilization is defined as the proportion of the
manufacturing time period during which the tool group is

involved in machining parts,

8.4.3 Hearistic Rules Specific Tool Group Combination
Criteria

8.4.3.1 RULE A - Least Utilized Tool Groups Rule

Main_Criteria:

"The two lIeast utilized tool groups are combined together”.

2 In the experimental work a value as high as .92 is considered the maximum after
which tool combination is not allowed.
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. I Criteri
The main criteria is applied subject to:
1A - The combination of two tool groups which can both perform first
operations on parts should be avoided when this results in a tooling
configuration with a number, Py, of tool groups for first operations on

parts less than the number, my, of available machines in the machine

group.

The motivation for this criteria is to avoid parts with unprocessed first
operations be queueing in front of a machine, where the required tool

group is loaded, leaving other machines idle.

Thus if
-TGUi , TGUj and‘T‘GUk are the utilizations 6f tool .groups,
-TGi is the least utilized tool group,

-TGj is the next least utilized tool group. When TGi contains tools to
process first operations then TGj is the next least utilized tool group

which does not process first operations on parts and

-TGk is the next least utilized tooi group which can perform first

operations  on parts when TGi can too,

Then if from combining TGi with the next least utilized tool group resulted
10 be Px<my then attempts should be made to find TGj such that:

TGUI+TGUj <1

When this condition is not satisfied then the following condition should be
checked:

(TGUi+TGUj) £ ((TGUi+TGUk)+0.1)

If either the first or the second conditions are true then the combination
of tool groups TGi and TGj must be performed. Otherwise the least utilized
tool group TGi is combined with the next least utilized one TGk, irrespective

of this being for first operations.
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These conditions are aimed at combining two tool groups at least one of
- which, TGj, is not concerned with first operations. However if the sum of
their utilizations is larger than 1 and also 0.1 larger than the sum of
utilizations of the two least utilized tcol groups for first operations, namely
TGi and TGk, even for values of this sum larger than 1, than TGi and TG;j,
can be seen as having too a high sum of utilizations to be combined and
therefore TGi should be combined with TGk instead.

In the second equation 0.1 was chosen because it appears to be a
reasonable trade off value which avoids combining tool groups which

bave high sums of utilizations.

The flow diagram of figure 8.2 shows the tool group combination process
under heuristic rule A, The process also takes into account the general

heuristic criteria referred " in section.8.4.2

8.4.3.2 RULE B - Lowest to Highest Parts Ratio,WPR, Rule

This rule is based on the concept of parts ratio, WPR, which is defined as: -

Number of finished parts of type i

—

Number of required parts of type i per Assembly Set

where:

WPRIi - is the parts ratio of part type i

Main_Combination _Criteria:

"The lowest WPR tool group, i.c the tool group used to process parts with
the lowest WPR, is combined with the highest WPR tool group”
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C ! l * ! l (3 LIS

1B - The combination of two tool groups which can both perform first
operations on parts should be avoided when this results in a tooling
configuration with a number, Py, of tool groups for first operations on

parts less than the number, mg, of available machines in the machine

group.

Thus if
-TGUi , TGUj and TGUk are the utilizations of tool groups,
-TGi is the lowest WPR tool group,

-TGj is the highest WPR tool group. When TGi contzins tools to process
first operations then TGj is the highest WPR tool group which does

not process first operations on parts and

-TGk is the highest WPR tool group which can perform first

operations on parts when TGi can too.

Then if from combining TGi with the highest WPR tool group resulted to be
Py<my then attempts should be made to find TGj such that

TGUi+TGUj < 1

When this condition is not satisfied then the following condition should be
checked:

(TGUi+TGUj) £ ((TGUi+TGUk)+0.1)

If either the first or the second conditions are true then combination of
tool groups TGi and TGj must be performed. Otherwise the lowest WPR tool
group TGi is combined with the highest WPR one, irrespective of this

being for first operations,

2B - When a tool group can be used for processing both lowest and other

parts ratio parts it should be selected first as:
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a)-the lowest WPR tool group only

if no other tool group for

identically low WPR parts alone is available, or

b)-the highest WPR tool group when no other tool group exists which

can process only parts with WPR larger than the parts with the

lowest value of WPR.

Example:

Tool Groups (TG) 1 2 3 4

Part types 1 1

234 234 34 -

5 6 7 8

34 519

Part types 1 2 3

The analysis of the values of the two tables shows that:

-TGS and TG7 are the lowest WPR tool groups and

-TGl1 and TG2 are the highest WPR tool groups.

Thus, although tool group TGS is used for processing both lowest and other

WPR parts it is not chosen as the lowest WPR tool group because there are

tool groups, i.e. TGS and TG7, for identically low WPR parts alone. One of

these will be chosen as the lowest WPR tool group. On the other hand, since

there are tool groups i.e. TGl and TG2 for processing only parts with WPR

larger then the lowest WPR parts processed with TG8 , this tool group

cannot be chosen as the highest WPR tool group in spite of some of the

parts processed by it having the highest WPR. The choice will be therefore

between TG1 and TG2 on the basis of the remaining rule criteria.
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3B a)-For the same lowest parts ratio the tool group for processing parts
required in the highest quantity in the assembly set, AS, is chosen

first as the lowest WPR tool group.

b)-For the same highest WPR the tool group for processing parts
required in the highest quantity in the AS is chosen last as the
highest WPR tool group.

Example:

Part type 1 1 2 2 34 34 34 5t09

Part type | 1 ~ 2
WPR 4 4 6 6 6 6 6 6
Qty/AS 2 1 2

Based on a) TG1 or TG2 can be chosen first.
Based on b) TGS or TG6 or TG7 is chosen last.

4B - When more than one tool group can be combined with another, based
on WPR, then the tie should be broken by chosing the lowest utilized tool
group first.

5B - When the sum of utilizations of two tool groups to be combined is
larger than 1.05 then a new tool group should be sclected able to process
the next highest WPR parts such that the sum of its utilization with the
first tool group chosen does not exceed 1.05. When this is not possible, the
tool group is selected which produces the lowest value of combined

utilizations. This should however take criteriz 1B into account.

This is to avoid highly utilized tool groups being combined. If highly
utilized tool groups were combined this would possibly prevent a part with

a low WPR ratio from improving its value.
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The 1.05 value is thought to be a good heuristic value. This value aims to
minimize tool set-up, by enabling the combined tool groups to remain
operational during one complete manufacturing period. Thus a value

slightly in excess of 1 viz 1.05 was selected.

The flow diagram of figure 8.3 shows the tool group combination process
under heuristic rule B. The proccss' also takes into account the general

heuristic criteria referred to in section 8.4.2,

8.4.3.3 RULE C - Highest to Highest WPR Rule
i ination _Criteri

"The two highest WPR tool groups are combined together”.

Comp! {_tie Break Criteri

1C - The combination of two tool groups which can. both perform first
operations on parts should be avoided when this results in a tooling
configuration with a number, Pg, of tool groups for first operations on

parts less than the number, myg, of available machines in the machine

group.

Thus if
-TGUi , TGUj and TGUk are thc: utilizations of tool groups,
-TGi is the highest WPR tool group,

-TGj is the next highest WPR tool group. When TGi contains tools to
process first operations then TGj is the next highest WPR tool group

which does not process first operations on parts and

-TGk is the highest WPR tool group which can perform first

operations on parts when TGi can too.
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Then if from combining TGi with the next highest WPR tool group resuited
10 be Py<my then attempts should be made to find TGj such that

If TGUI+TGUj < 1

When this condition is not satisfied then the following condition should be
checked:

(TGUi+TGUj) £ ((TGUi+TGUk)+0.1)

If either the first or the second conditions are true then the combination
of tool groups TGi and TGj must be performed. Otherwise the highest WPR
tool group TGi is combined with the next highest WPR tool group, TGk,

irrespective of this being for first operations.

2C - A tool group which can process both highest WPR parts, say parts Pa,
and other parts, say parts Pb, should only be selected as the highest WPR
tool group when no other tool group exists which can process only parts
whose WPR is larger than the WPR of . any part from Pb,

Example:

TG 1 2. 3 4 5 6 7 8
Part types 1 1 2 2 34 34 34 5to9

Parttype |1 2 3 4 5 6 1 8 9
case IWPR|4 7 7 6 8 8 S 5 8
casc2WPR [4 4 5 5 8 8 5 5 8
case 3WPR [4 4 7 6 8 8 5 5 8

The highest WPR tool group is:
case 1: TG3 or TG4

. case 2: TGS
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case 3: TGS or TG6 or TG7

For case 1, although TG8 processes parts with the highest WPR, WPR=8, it
also processes parts with WPR=5 which is less then the WPR of parts type 2
processed by TG3 or TG4. Since these tool groups process only parts type 2
one of these TG's must be chosen as the highest WPR tool group .

Case 2 only a tool group can be chosen as the highest WPR one, i.e. TG8

Case 3 is somewhat similar to case 1.

3C - For the same highest WPR the tool group to process paris required in
the highest quantities in the assembly sets is considered to have the least

priority to be chosen.

4C - When more than one tool group can be chosen to be combined with
the first one selected then the tie should be broken by chcg\sing the least

utilized tool group first.

SC - When the sum of utilizations of two tool groups to be combined is
larger than 1,05 then a new tool group should be selected able to process
the next highest WPR parts and such that the sum of its utilization with the
first tool group chosen does not exceed 1.05. When such a tool group is not
obtainable, then the tool group whose sum of utilization with the first
chosen one is minimum is chosen. This should however have criteria 1C

into account.

The process also takes into account the general heuristic criteria referred

in section 8.4.2

8.4.34 RULE D - Ungrouping-Regrouping Rule

A decombination eventually followed by a recombination of tool groups,

towards finding better tooling configurations, may take place
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preferentially at the last stages of a tool group combination process

performed by any of the three previous heuristic rules.

The three previous heuristic rules foilow a sequential grouping process
which ends when Gmin, scction 8.4.2, is achieved. Thus if G is the number

of basic tool groups available, section 8.4.2, then:
n = G- Gnin

iterations are necessary until the tooling configurations generation

process ends.

With this new rule a total number of iterations larger than n may be
required. This is because there is an additional number of combinations

due to the decombination and recombination process.

Main_Combination _Criteri

A tool group may be selected for ungrouping when:

“The tool group has both the lowest WPR and high® utilization™.

Campl Criteria 1o Main_Criteri

1D - When more than one tool group obeys the main criteria then that
containing the basic tool group whose utilization under the basic tooling

configuration is lowest is selected first.

2D - From all the basic tool groups belonging to the tool group to be
decombined, that whose utilization under the basic tooling configuration is

lowest is removed and:

a) recombined with the least utilized tool group from the remaining

tool groups in the configuration or,

b 0.8 is the minimum value adopted in the experimental work |
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b) kept standing alone, forming itself a new tool group whenever its
utilization, under the basic tooling configuration, added to that of the

least utilized tool group in the configuration is larger than 1.05.

3D - Provided that the sum of tool group utilizations is less tham 1.05 all
basic tool groups, taken by decreasing order of their utilization, of the tool
group submitted to ungrouping may be combined, onc at a time, with the
least utilized tool group of the configuration. Of the new tooling
configurations which will be generated, the best performing one should

then be selected.

8.43.5 RULE E - Tool Duplication Heuristic Rule

Main_ Criteri

Whenever a tool group is highly utilized® and the WPR of some or ail the
part types processed by it is the smallest, then a one at a time duplication of
basic tool groups belonging to the tool group, and destined to process the

lowest WPR parts should be adopted .

Compl Criteri

1E - Only the basic tool scts for the parts with the lowest WPR may be
duplicated forming a new tool group which can be combined with other
groups formed using the previously mentioned heuristic tool combination

rules.

2E - The first basic tool group to be considered for duplication is that which

is most utilized in the basic tooling configuration.

€ 0.8 is the minimum value adopted in the experimental work
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' CHAPTER 9 - MODEL DESCRIPTION
3.1 INTTIAL MODELLING ASPECTS

The original modelling aim was to build a generalized but detailed data
driven FMS simulation model which would encompass the possibility of -
studying the influence on FMS's performance of a variety of tool flow
system and tool management aspects in conjunction with work flow
systems. Tools pallets and fixtures were to be seen as resource constraints
to part processing. The model should be able to study the performance of a
variety of FMS configurations in conjunction with many operating control

policies at different levels of FMS control.

This objective was aimed at reducing the need for developing new models
whenever design and principally operation of new or existing FMS's were

to be studied.

Part way through the rescarch it was found that the restrictions of the
simulation language used, ECSL22, prevented the development of such a
generalized model. The problem was only detected after a considerable
amount of work had been done and much time spent in developing an
initial version of the model which was then to be enhanced to deal with all
the aspects detailed above. The required enhancements to the basic model
were found to exceed the limitations on indentation and data storage which

were found to be inherent in the language, section 9.3.2.

The problems were initially unforeseen due to the lack of information in
published material on the limitations of ECSL and their implications on
modelling complex and detailed systems requiring the handling of large

amounts of data.

Despite promises by the ECSL supplier to provide the necessary language
enhancements these were not supplied. It was then realized that it would
be impossible to deal with the initial modelling objectives and that an
alternative - strategy should be adopted. This should maintain the main aim
of combining modeiling of tooling and work flow systems. A possibility was
t0 use a suitable alternative language. Another was to simplify modelling

without losing much of the generality and detail desired but using ECSL.
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This would have the advanmtage of saving a large part of the work already
done. The alternatives were discussed and the latter believed to be feasible
and advantageous. This called for a new approach to FMS tooling modelling
which essentially centred on removing the treatment of individual tools.
Instead the tooling system was modelled only on a tool set and tool group
basis, section 8.3. This reduced the complexity of activity tests?2 and also,
enormously, the amount of computer storage required. Problems still arose

later but mode! refinement allowed a working model to be constructed.

9.2 MODEL APPLICATION AREAS AND OBJECTIVES

The computer simulation model has been set-up to explore the
relationships between FMS configurations, parts loading and tooling
requirements. Initially it was based on the NGL-Crewkernel3? system but

was developed to provide the essential ¢lements in most FMS.

Particular emphasis is given to modeiling tooling and fixturing aspects of
FMS with the main aim of using the model as an aid to find the minimum

tooling and pallet requirements for effective FMS operation.

The model can easily allow alternative systems to be investigated.
Alternative systems can be configured by data input changes of
fundamental parameters. It provides system designers and managers with

a tool for assessing design as well as operating aspects of FMS.

Considerable detail involving complex relationships between system
elements has been built into the model. The intention of this detail is to
reproduce as accurately as possible the real operating tasks to be carried

out within the system.

There are important interactions between FMS vériablcs. These can
include the number of buffers and pallets, number of tools and degree of
tool replication, processing priorities and loading strategies such as degree
of allowable machine pooling. The model is set-up to allow the study of

many of such interactions.
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By selective change of the levels of the input variables and study of the
resulting model output, particular aspects of FMS system behaviour can be
investigated, the suitability of system configurations for certain part

mixes can be tested and different operating strategies can be evaluated.

93 SIMULATION LANGUAGE-CHARACTERISTICS AND LIMITATIONS
9.3.1 General Aspects

ECSL (Electronic Control and Simulation Language) is the discrete

computer simulation language used in this work.

The adoption of ECSL for developing the FMS simulation model was dictated
firstly by availability. This was in fact in practical terms the only
available discrete computer simulation language at Loughborough
University at the time the research work started. There were some
simulation subroutines and the possibility of accessing other simulation
languages in other outside research centres through a national computer
communication network but this was thought logistically not preferable

when compared with the installed language ECSL.

The language was also chosen because of its facilities22 for recording and
output of results, data analysis, aids to program development and to
simulation expcrimcnts; error discovery and testing, display facilities and
above all due to ‘its English like statements making for ease of
understanding. This makes it user friendly and can be seen also as a
further advantage during model development. Moreover the resulting
model can be understood easily or at least an understanding of the model
workings can be obtained, after a brief study or explanation, even by
people who may have only a limited knowledge of the digital simulation

technique as might be the case of some manufacturing managers.

ECSL is a Fortran based simulation language, with an activity structure22,
self contained and closed. It is closed in the sensc that it requires the user
to develop the models using only ECSL statements, i.e., no FORTRAN or other
language code or subroutines can be added into the model. This can be seen

as a disadvantage of the language. It is self contained due to the available
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range of facilities mentioned above which are necessary for complete

model development, analysis and testing.

This last aspect can be achieved through a critical examination of the
results but more particularly through a trace showing the changes,
during successive simulated events, of all or some selected variables,
- which can be obtained automatically. This trace feature is a model
development aid offered by ECSL which is indispensable through the

development phases and also at initial stages of modelling.

9.3.2 - Main Limiting Aspects
1 iliti

Although present microcomputer versions of the language have display
facilities successfully implemented, the version used on mini or
mainframe computers and installed on a Prime 700 at the Loughborough
University Computer Centre, LUCC has never been enhanced to allow

successful computer runs with displays of the simulation process.

Program size_and data storage
One of the language's main limiting aspects is the size of computer models
that can be developed and, as importantly, the amount of data which the

simulation can deal with.It has Bccn found that models with more than

2500 statements are likely to be difficult, if not impossible, to run.

In the 32k ECSL version, which is its maximum possible size as
implemented at LUCC, about only 16K words of information can be stored
and handled. This restriction creates some difficulties in configuring as a
large variecty of FMS's and part spectrum configurations as it might be
desired in the FMS model development. Moreover it is very unlikely that

entity classes larger than 200 can be modelled.
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Indentation steps
Another restriction is what in the language is known as the number of

indentation steps. These are limited to a maximum of five.

Usually the indentation steps are necessary at the beginning of an activity
during the testing of the condition for an activity to succeed. This may
involve testing a large number of decisions and a large variety of entities,
which tend to increase further as the meodelling detail of real systems
increases. Such complex test decision processes may require more than the
available five steps of indentation. When this happens and cannot be
overcome by intelligent and simplified programming then ECSL cannot be

used for such simulation work.

94 SYSTEM OVERVIEW

FMS systems are configured through input parameters and other input
data to the model. Typical systems that can be studied with the model are
shown in figure 9.4,133,146

9.4.1 System Physical Entities

The main physical entities for system configuration are:
-Workpieces
~-Pallets and fixtures
-Tool sets
-Tool groups
-Machines
-Transport devices

-System operators
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Workpiece Spectrum

It is assumed that physical and geometrical characteristics of the parts or
their technical suitability are appropriate for the system. These
characteristics are considered to have been analysed at a previous stage of

system design and at process planning. The mode! can however be useful

in aiding the selection of appropriate part mixes .

The number of individual parts simultancously in process at any time is
limited to 200. This is not a model constraint but simply imposed by data
manipulation limitations of the language used. This figure however covers

many real part production situations in FMS43,

Specification of workpieces requires the following information:
-workpiece type
-number of part operations per each WOrkpiece
-tools to process each part operation
-machines able to process each part operation
-processing time per part operation on each of the machines
-pallet type rcquircd
-location of workpiece on the pallet if any in particular

A part operation is understood as a processing operation which requires a

set of tools and an associated NC part program.

On the basis of workpiece data and machine data input both FMS for
rotational and prismatic work can be evaluated through the model. The
main aspect which distinguishes the treatment of the two types of part
spectrum is the nature of palliet configuration. Rotational parts call for
fairly identical and simple pallet bases while prismatic ones usually
requirc a diversity of complex fixtured pallet types which frequently are

unique for each different part operation or set of part operations,
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Rallets and Fixtures

The model does not distinguish between pallets and fixtures. When fixtures
have to be used to clamp or hold parts in place on pallets then fixtured
pallets are considered. In this case a detailed description of the functional
characteristics of the fixtured pallet is required. This description must
include the type and number of part holding positions on the fixtured
.pallct as well as a clear specification of which part operations are carried

out at which holding positions.

Pallets can be routed to any machine as long as this has been specified by

data input.
Pallets can be single, multiple or combined purpose, chapter 6, figure 6.2.

Reclamping on the same pallet is a feature of some FMS's, ¢.g at the
Normalair Garret FMS139 (NGL-FMS), and this aspect has also been

modelled.

A schematic representation of some typical pallets and pallctiSing cycles is

given in figure 9.4.2.

Tool sets

Tool sets are referred to as sets of cutting tools, or other processing tools
such as automatic measuring probes or touching probes, which are
required to perform single part operations. Fixtures and related

manufacturing aids are not included in the so called tool sets.

The modelling approach used for the tooling system of an FMS is based on
tool sets. A tool set is used to carry out a - part operation consisting of
a number of clemental operations each one requiring the use of a single

tool or probe which can be exchanged at the machine spindle,

There is the possibility of defining a one to one or a ome to many
relationship between tool sets and part operations. This simply means that

the same tocl set may process different operations. If more than one tool
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set of the same type are loaded into more than one machine then

simultancous alternative part routing is available.

Tool groups

Tool sets may be combined together to form tool groups which constitute
magazine loads. However the size of tool groups must not be larger than

the magazine size,

Such groupings may be capable of processing a restricted number of
different pallet loads and would be loaded into the magazine prior to the

delivery of the first pallet load.

Altematively tool groups, i.e. basic tool groups, may be associated with the
processing of specific pallet loads. In this case, when pallets move to
machines the appropriate tools move with them. This loading strategy has
been used by some FMS's, from which a British Aerospace FMS335 and the
NGL-FMS13? are examples.

Machines
FMS's usually integrate a number of fairly similar and versatile
machining centres, MC, These have been referred to as multipurpose

machines, section 2.1.5. The model is configured to accept the definition of

not only such machines but also other more limited purpose machines.

Machine configuration is defined through machine data. This includes:
'-typc of machine
-tool magazine size
-number of pallet buffers and

-types of tools which can be used by each machine.

These characteristics allow the definition of single, limited and multiple
purpose machines, section 2.1.5. Therefore multiple stage, single stage or
combined stage FMS83 can be configured by the model. Moreover FMS's for

both rotational and prismatic work can be configured.
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Typical machining stations which can be configured result from the
combination of a range of par-pallet loading arrangements and local

tooling approaches are shown in figure 9.4.3

Auxiliary equipment such as automatic washing or inspection stations can

also be defined.

Transport sysiem

t .
Simple transport systems where delays ducfcongesnon do not occur can be

configured with the model.

Transport carriers may have onc or two carrying positions. Examples of

transport or handling devices that can be modelled are:
-Automated  guided ‘vehicles
-Industrial robots:
-overhead or
-standing on floor
-Rail carts
-Gantry type devices

The model is less suitable for systems with complex material flow networks.
FMS's with such transport systems can be configured within the model as
long as the transport system itself is not the main object of analysis and .
the sequencing constraints within it can be relaxed. In this case the
results of the simulation are likely to be approximate and their use can
only be adequate for a first step analysis of dcsign aspects not highly
dependent on transport system. Such aspects might include the
determination of an adequatc set of machines and tools suitable for the
manufacturing of a given part-demand spectrum including estimates of

the neccsséry number of buffer places at the working stations.
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Qperators

In FMS's operators are mostly used for palletisation work and tool
preparation. They are also usually allocated to tool transport eventually

followed by tool replacement.

The model allows operators to be allocated to palletisation, tool transport
and tool replacement whenever mnecessary. Any of the operators is

supposed to be capable of performing any of these functions.

9.4.2 Operating Characteristics

The model considers workpieces to be produced cither individually, in sets
of identical parts or batchcs.. or in sets of a mix of part types, i.e. AS, section
4.1.2.

A pallet can be designated to be able to accommodate all or some parts of a
complete assembly set to allow them to be processed together as with the
NGL-FMS139,

Parts are treated individually and each part has its own identity. This

happens both in individual part production and AS production.

A more detailed discussion of aspects of set assembly production is given in

chapter 4.

routin xibili

Two basic forms of part routing can be considered:
1 - Single part route
2 - Altémative part route

In alternative part routing the same part can be processed following

different routes. This implies that at some stage the option for two or more

machines to perform a particular part operation is available .
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Workstatiop breakdowns

This feature is not included in the model, One of the recasons for the
exciusion of this aspect is that the model is designed to analyse FMS
operation for short operating periods of a few working shifts only during

which it is assumed no workstation breaks down.

Machine _loadi .

Machining with preemption is not allowed, i.e. once machining starts on a
part it has to be completed before a new part starts processing on the same

machine.

Parts can be assigned simultaneously to more than ome machine before
they are actually loaded into a machine. In general they are assigned to all
machines in a pooled machine group, section 9.5.4. However when a pallet
is loaded into a machine or machine buffer for part operation processing,
any other assignment of the same part operation to other machines is
dropped. This is because pallets with parts loaded into machine buffers
only leave the machine after processing has been carried out. This
assumption is realistic since FMS machining stations frequently have a
single pallet buffer place or none. A large number of pallet buffer spaces
is typical of unmanned machining stations and, even in this case, once
pallet loading is performed it is unlikely that unloading takes place before

processing finishes.

Shift _based ki

A feature of the simulation model is the shift based working possibility.
With this the simulation period can be divided in shifts. At a shift change
there may be a need to update shift related recording and coatrolling

variables.
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9.5 MODELLING FEATURES
9.5.1 Dispatching the work into the FMS ,

The arrival of work into the system is dependent on the following

variabies:
Main Variables:
-The job orders plan for the planned production period
-System workload level |
Optional wvariables:
-Job priority
-Batch or AS fypc ratio requirements in the production mix

The job order plan is an 'input to the model, This plan is assumed to have
been prepared by the Production Planning Department, and includes
detailed information about the orders to be processed during a short time
period of one or a few shifts or days. Batches, parts or assembly sets can

then be released.

Information about the jobs to release includes the number of batches or
AS's, their sizes and types and eventually the value of a job releasing
priority parameter. When this parameter is not used then the First Come
First Served, FCFS, scheduling rule is used, i.e. the first job in the job order

plan is released first into the system.

The job releasing priority parameter has a value which is cither external
and defined by management or dependent on batch or AS intrinsic data
such as batch size and total batch processing time and is therefore static,

-i.e. not dependent on system state conditions.

Part loading and part sequencing after job release can have both static and
also dynamic priorities, i.e. priorities dependent upon system state

variables.
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A simple job releasing mechanism is used based on the releasing priority
parameter and on the system workload level. When the load falls below a

given value a new job is released into the system.

The model allows the definition of a number of identical assembly sets or
identical batches to be manufactured with the same priority in a given
production planning period. This feature is used in the experimental work
to study the influence of the number of assembly sets to be released
together in connection with different levels of tools and pallets for

different processing priority rules.

The other available option mentioned earlier is to control the release of
jobs based om batch or AS ratio requirements of the loaded work mix, Thié
ratio endeavours to ensure that, on average, a given mix of batches or
“assembly sets is kept in the system. This ratio is in fact the only dynamic

control parameter for job release.

9.5.2 - Palletisation Features Modelled

In general pallets can be configured for one or any number of identical or
different parts to be processed in one part-pallet set-up and completed in

one or more machine set-ups .

Parts palletisation is done on a part priority basis which the user can
specify, section 9.7.2. Frequently the priority is dynamic defined by a

parameter up-dated at successive system state changes.

In the model pallets and fixtures move together and therefore a single
entity has been defined to accommodate the two. Moreover, pallets can aiso
be seen as simple bases on which parts can stand loose or seen as complex

sets incorporating both pallet and clamping fixtures.

Palletising stations arc associated with the number of available operators.
As long as palletisation is required and an operator is available a

palletising station is considered to be available.

There are three basic tasks an operator or palletising entity can perform,

as shown in figure 9.5.1:
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Task 1 - Depalletisation of parts and
Task 2 - Depalletisation followed by repalletisation on the same pallet
Task 3 - Palletisation of selected parts,

In practice any combination of the three tasks may be performed together
by the same palletising operator, palletising mechanism or device.
Therefore the most complex task that can be performed includes part or
parts unclamping followed by  reclamping in the same fixtured pallet
finishing with the clamping of new parts in positions left empty by the
unclamped ones. The model is designed to take account of any possible
palletisation combination within this framework. It is therefore possible
keep track of individual parts, their state of processing and their position

on each single pallet.

A feature which is mot included is the simultaneous use of more than one
operator or palletising entity for palletisation of parts on the same pallet.
Nevertheless, if additional operators are assumed to be always available the
model can still be used. In this case however performance of palletising

operators cannot be compictely evaluated.

Palletising cycles are implicitly defined within the model by specifying
the values of the configuration parameters related to pallets and part
palletising requirements as described in detail in the model input data,

section 9.7.2.

9.5.3 ~ Work Assignment to Machines
Parts are assumed to be palletised before they are routed to machines.

The assignment of parts to machines is dependent on the availability of

adequate tools to load or already loaded into machine tool magazines.

The acceptability of tools by the machines is dependent on machines’
processing capabilitics and on the sizes of tool magazines. Moreover, the
decision to load tools at the magazine of a machine is linked with the

priority of part processing. This priority can be dependent on part
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characteristics or on assembly set or product related variables to which
the part belongs to. Examples of priority regulating variables of a parn,
dependent on product or assembly set, are the remaining processing time
and remaining parts to completely finish the set. Most of these variables
defining the priority of part assignment or part loading are dynamic

priority variables, i.c they vary with system state.

In assembly set production mode, although parts have an individual
treatment within the system, they are normally associated with the
assembly sct they belong to from the dispatching moment until the set is
completely processed. When all of the AS parts are finished the set of parts

is considered to be finished.

9.54 Machine Pooling-Part Loading

Machine pooling is achieved by loading identical tools into more than one
machine. These machines must, of course, be able to carry out identical
part operations and thercfore accept identical tools. For these reasons it is

clear that such machines must be identical or fairly similar.

Pooling' is performed when the workload of one or more machines is
beyond acceptable limits. Such limits can be defined by the user. In the
case of machine overloading, attempts are made to find another machine
with processing capabilities identical to an overloaded machine. Tools will
be loaded to this machine to process all or some of the parts assigned, but
not yet loaded, to the overlpaded machine. Thus total or partial machine
pooling is achieved in a way which allows parts to be processed in either

of two or more machines.

A machine can be seen as overloaded if the workload associated with the
parts at the machine buffer and parts still in the central store but already
assigned to the machine although not yet loaded, is larger then the

acceptable machine workload limit defined by the user.

The pooling capabilities of an FMS is specified to the model by defining the

machine characteristics and capabilities through input data. This is done
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by specifying the type of each machine in the system and also which types

of machines can be used with each type of basic tool group.

9.5.5 Tool Replacement and Transport

The model presents a range of alternatives for tool replacement and

transport that are representative of past and present FMS's.
Tools can be replaced by:

1-Replacing magazines or pallets of tools and

2-Tool by tool replacement at the machine magazine.
Tool transportation can be by:

1-Dedicated tool transport systems:

2-Operators who also do palletisation work. They can move tool
groups to the machines aided by trolleys or any other kind of

transport vehicle:
3-The transport equipment used for part-pallet transport.

These last two transport solutions are modelled in considerable detail, but
detailed modelling of dedicated tool handling systems is not included in the
model. However the time for tool transport and for tool replacement taken
by this kind of system are input variables to the simulation model. This is a
simplified way of modelling dedicated tool transport which is assumed to be

always available when required.

Combinations of the tool transport and tool replacement alternatives
described above can be simulated by the model and studied at systems

design level.
In addition the entity carrying out the transporting can either:
-be held at the machine while tool replacement takes place, or

~simply leave the machine as soon as the tool group for replacement

has been deposited in%'adequate place at the machine arca. Immediate
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replacement into the machine magazine by am automatic
manipulator or direct changing into machine spindle can then

follow.

Tool replacement at machines is assumed to be done with machine stopped.

9.5.6 Part-pallet transport

The movement of pallets between stations and the pallet central store is
essentially dependent on part processing requirements of the parts on
pallets and also on the number of required set-ups/reset-ups at the

palletisation area.

Parts flow through the system by means of the material handling system.
The movement time between stations is specified through a transport time

matrix of the type shown in figure 9.5.2 .

Stations are considered to be not only the processing machines but also
the area where the palletising operations are carried out and also any stop

and start points on the transport path accessed by the transport carriers.

Part transport is achieved by pallet carriers or handling devices. Examples
of types of handling devices which can be used have been referred to

previously in section 9.4.1.

In the model palletised parts are transported to machines and handed over
to machine tables or machine buffer places. Once processing has been
carried out the pallets are transferred back to the handling devices and
transported cither to the next machine for further processing if required
or to the palletisation arca for part depalletisation which may be followed

by repalletisation,

9.5.7 Material storage

The size of the pallet central store and its contents, i.e. number of pallets of

each type, can be specified by data. However the tools central store is
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considered to be able to accommodate the tools required for running the
system. This can be seen as a pool of tools. Pools for parts; waiting
palletisation and for additional pallets, i.e. back up stores, are also
considered in the model. These are assumed to be able to accommodate all
such waiting parts and pallets. Empty pallets can be exchanged between

the back-up pallet store and the pallet central store.

The number of pallets to run a particular system is dependent upon a
variety of parameters such as part processing requirements, pallet design,
batch sizes and tool system configuration. A study of the problem of
determining the optimum number of pallets of each type is presented in

section 10,12,

9.5.8 Part Spectrum and Related Aspects

Parts are specified to the model through their operating characteristics.
These include part type to which is associated a number of different global
operations, each requiring a given set of tools and a given processing
time. A batch size must be specified, also, and an assembly set size must be
given when production is carried out on an AS basis. In this case the types

and number of parts which make up an AS must be specified also.

9.5.9 Groups of tools

Grouping small sets of tools into larger sets to load at machines is a
requirement to reduce waiting time due to both tool replacement and tool
transport. With such a strategy, much of the travelling time of tools to
stations and repeated tool and part load-unload can be avoided. This

strategy has been modelled.

The way in which tool sets are combined is likely to affect considerably
FMS performance, A study of this problem is presented in chapter 10 and

indications to best tool grouping are put forward.




117

9.6 PROGRAM DESCRIPTION
9.6.1 Program Structure

A simplified and general view of the ECSL simulation program and
structure is shown in figure 9.6.1. Figures 9.6.2 to 9.6.16 are the flow
diagrams of the main modelling aspects considered. The model cycle

diagram is shown in figure 9.6.17.

The overall model structure, figure 9.6.1 is mainly imposed by the

simulation language used.
Seven sections can be identified.

First there is a variables Definition section where every variable, integer
or real, histograms or entities, attributes and queues of entities and a
number of simulation functions arc defined. Single integer variables may

also be defined in the body of the simulation program itself.

After wvariables are defined a Data block must be entered. This assigns
initial values to all system variables which may still be overridden by the
values assigned to the variables in the nmext section of the simulation
program, namely the Initialisation section. In the coded model the Data
block or Data scction appears at the end of the program just after the

Finalisation section.

The Initialisation section is used to define the starting values of some
variables and in particular those related with scheduled initial time
events. This is a way of defining the initial state of the system to be
simulated. The system state at the start of production is such that all
machines are available and empty and tools and parts are in their stores
ready to be allocated to the system working stations, i.e. machining and

palletisation stations.

Moreover data may also be initialized through READ statements. In this
case the values of the variables to be read are given in a separate input
data file and appears on that file after the EXECUTE control card of the
simul‘ation language22at program execution. An example of such a file is

shown in appendix 2, figure A2.1.
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This feature is particularly useful during experimental work becauss the
factors or variables to be changed can be initialized through such READ
statements and input without having to change the simulation program
including its data section or any other section. Thus only this data input
file needs to be changed to carry-out a number of computer simulation

experiments.

After Initialisation there is a statement which defines the value of the
length of the simulation duration. When the simulation clock has been

advanced to this value the so called Finalisation section is performed.

The Finalisation section is mainly a section which formats and outputs the
simulation results based on the performance recording variables. Some
calculation is also normally required in this section to transform the

recorded variables into a2 more useful form for information purposes.

Values of any system variable can be printed out. Therefore to ¢omplement
the results, other relevant variables, such as those defining the FMS
configuration and manufacturing control strategy, are also printed out in
the Finalisation block.

The clock advance time routine, provided by the ECSL simulation language,
performs the so called A-phase of the simulation up-dating the clock time
to the next time event. After this a new simulation cycle starts and when

the last activity is tested and simulated the simulation cycle ends.

However, before activities stant recording can be performed. If the switch
ADD, provided by ECSL, is put on then every recording statement involving
it is obeyed.

Recording may also be performed at the Activities section without having
to use the ADD facility, This is frequently done in the developed model .

At shift changes there may be a nced to update shift related recording and
controlling variables, figure 9.6.3. This is modelled just before the

activities section.
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9.6.2 Activities Section

This part of the simulation model can be seen as the body of the simulation
process. In the Activities section a number of activities are defined which
simulate the internal workings of the FMS system configured by input

data. The activities are classified into seven functional groups.

The first group is concerned with the arrival of entities into the system
and contains a single activity called ARRIVE, figure 9.6.4. According to a
teleasing plan and releasing priorities, section 9.4.1, the activity ARRIVE
controls the flow of the work into the system by releasing into the system
the parts to be processed as lwcll as the assembly sets or batches to which

they belong.

The second group also involves a single activity called UPDATEFACTORS,
figure 9.6.5. It uses information generated during the simulation up to the
present clock time and compiles the preseat values of system state
dependent variables, which are used for manufacturing control purposes,
namely those related to the priority of pant loading, part processing and

part palletising.

The third group of activities achieves both part and tool assignment to
machines. The group is a large and complex one, consisting of four
activities, i.e. SAVEMAG, CHANGTOOLS, UNPOOLMCS and POOLMCS, and could
have been considerably simplified and reduced if more than 5 steps of

| indentation, section 9.3.2, were provided by the ECSL language.

SAVEMAG, figure 9.6.6, performs the assignment of parts to machines
which have the tools to process them. The parts will then be processed by
one of these machines provided that they are actually loaded into the
machine or machine buffer before higher priority parts, which must be
processed first in the same machinés. become available and require tools

in the magazines to be replaced.

CHANGTOOLS, figure 9.6.7, assigns a new set of tools to a machine on the

basis of part priority for processing.

UNPOOLMCS, figure 9.6.8, ensures that a machine pooled with another, i.e,

provided with tools to process one or more part operations which can also
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be processed by that other machine, is unpooled in order to be able to
process a new palletised part operation. The tools required to process the

new part are immediately assigned to the machine to be unpooled .

"POOLMCS, fig.9.6.9, chooses an unpooled machine to be pooled together with
a second machine for the processing of one or more part operations. The
first machine is chosen on the basis of the most loaded machine and the
second on the basis of the least loaded machine, The need for pooling
occurs when either a machine is overloaded, section 9.5.4 , or there is an
empty one, i.e. with no pallets loaded waiting processing, able to process
the same kind of part operations already assigned to a machine. In either
case pooling is dependent upon the availability of both the necessary tools

to process the parts and the pallets on which the parts arc pallctised

Machine pooling always implies that at least two identical tool sets and two
identical pallets are available to be loaded into two identical or fairly
similar machines to process the same type of part operations. Thus when
there is no tool set duplication andfor pallet duplication for identical part

palletisation then machine pooling cannot occur,

The fourth group has two activities. One is called UNLDMAGAZ and the
other LOADMAG, These simulate the loading and unloading of tools into the
machines. It was intended initially that these two activitics were to be
treated as a single activity. However the simulation language restrictions

did not allow this to be done.

UNLDMAGAZ, figure 9.6.10, performs the replacement of tools of the
machine with a new set of tools which has been assigned to the machine

for processing new parts,

fig;
LOADMAG,9.6.11, ~ performs the tools loading only. This activity is

only used when tools replacement is not necessary.

A somewhat similar strategy to this load-unload strategy for tools is also
used for simulating both the pants load into and unioad from pallets as well

as pallets loading/unloading into machines.

A fifth group simulate the activities of unclamping and clamping
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Activity UNCLAMPINGfi8.9.6.12, simulates the unclamping, or more
generally, the depalletisation of processed parts eventually followed by
reclamping of the same parts on the same pallet and/or clamping of new
parts on positions left empty on the pallet, section 9.5.2.

fig.
CLAMPING,:\gQ.G.l?:, simulates the clamping of parts on pallets which do not

require part depalletisation.

The action of unloading/loading palletised work from/onto machines is

simulated by the sixth group of activities

UNLDMC, figure 9.6.14, tests the possibility of pallet unloading from
machine or machine buffer and the test success implies that the activity
succeeds. In this case pallet unloading is carried out. This may also be
followed, in the same loading cycle, by a new pallet being loaded into the -
same machine or machine buffering area. A test is carried out to check the
possibility and the need to do this. The unloaded pallet may then either go
to the palletising area where part unclamping may take place or to

another machine if further processing is required without repalletisation.

LOADMC, figure 9.6.15, is an activity which is carried out whenever only
machine loading is required, i.e. a pallet must be loaded into a machine but

no pallet is required to be unloaded from the machine.

The eighth and last group of comsists of only one activity which simulates

the actual machining of parts

MACHINING, figure 9.6.16, is performed by checking, for every pallet on
every machine, if parts machining can start, For every test success, the
activity is carried out and associated control and recording variables are

up-dated.

Provided the simulation duration has not been reached recording takes
place and a new simulation cycle restarts after this last activity is
performed. When the time of the "clock™ equals the simulation duration
the simulation process ends and the Finalisation section is performed.
After this if new blocks of Data are available the simulation restarts with a

new Data block, otherwise the simulation finishes.,




9.7 MODEL INPUT/OUTPUT
9.7.1 General view

Data input is carried out initially by the model Data block and
compicmented by the so called Initialization section, as mentioned above in

section 9.6.

Input data is necessary for establishing the FMS physical configuration,
specifying manufacturing organizational data and clearly defining
manufacturing control procedures for job releasing, part loading and part

processing sequencing,

It is therefore possible through input data to make a computer model
representation of the physical configuration of an FMS system as well as
the representation of the most relevant organizational and operating

aspects of the manufacturing process.

Performance measures are the main model output resuits. Other data which
is considered relevant to complement information for system evaluation
may also be included in the model output. Thus some data related to system
configuration and manufacturing system control and operation is also

printed out, appendix 2, figure A2.2.

A number of FMS design and operating features may be investigated
through a study of the changes in performance measures resulting from

changes in the levels of input parameters, figure 9.7.1 .

9.7.2 Input Data

This section is intended to formalize the model input datz, most of which

has already been referred to in an informal way in sections 9.4, 9.5 and 9.6.

9.7.2.1 Workpiece Related Data

Physical and_Organizational L

- Number of part types
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Number of part operations or part-pallet set-ups per part type
Machines which can process each part operation

Tools required to process each part operation

Processing time per part operation in each machine

Palletising time per part-pallet set-up

Depalletising time per part-pallet set-up

Size of the assembly set (AS) or batch to which the part belongs to.
Assembly set type

Part types making up the assembly set.

Number of parts of each type in the assembly

Pallet type or types where cach part, for each different operation

can be palletised

Positioning of each part on each pallet for each different part-

operation.

"Part operations” which can be palletised together in the same

pallet.

Production requirements mix: Part mix and assembly set mix of the

system workload.

Scheduling-§ ing - Rul

The model has been structured to allow the ecasy definition of a large

variety of priority dispatching and part loading rules. In many cases two

simple

statements are enough for defining a new rule. One of the

statements is required to give the rule number and the other is necessary

to specify the rule controlling variable called BFACTOR for dispatching

rules and FACTOR for part loading priority rules.

Examples of rules which can be defined in this way are:

2) - Priog les_for_di i i K | ‘
- FCFS (section 9.5.1)
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Duedate or other user defined job priority factor.

Total processing time per job

Average part processing time per job

Combination of any of the previous rules with balancing the
product mix. In these rules a product mix is specified and job release
is carried out in order to maintain at any time in the FMS that mix. A
product is a combination of a number of different parts

A job is a batch or an assembly set, AS.

Y - Pprios es Jeading. and o ooty (secti
9.5.3) |

- FCFS (section 10.4.1.3)

Duedate of the part

Remaining processing time of pan

Processing time of the next operation

Part processed time

Number of remaining unprocessed part operations

b2) - Assembly set or batch related rufes
- MRPAS (section 10.4.2.2) Minimum Remaining Parts in the AS
- Maximum remaining parts in the AS or batch

- Remaining processing time of the unprocessed part operations
belonging to the AS or baich

With these rules part priority is defined on the basis of dynamic
variables dependent on the AS or batch dynamic characteristics to
which the part belongs.

From the above rules the FCFS priority rule for dispatching and the FCFS
and MRPAS priority rules for part loading, part priority at palletisation
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and part processing priority have been wused for experimentation

purposes.
9.72.2 Pallet Related Data
Phvsical 1 O izational d

Total number of pallets

+

Types of pallets

Number of available pallets per type

Number of palletising positions per pallet

Type of each palletising position

Pallet central store size

P lection/sequencin riori

A part may be palletised together on the same pallet with other parts. In
this situation it is necessary to define a pallet sequencing priority factor.
This is required for pallet loading into or unloading from buffers and/or
machines, for pallet priority selection at unclamping and also at

machining.

The priority is only dependent on the static or dynamic variables related to

the parts palletised in the pallet,

Many rules can also be defined for pallet priority selection but this may
require a slightly more complex procedure than that referred to for the
previous rules. The principle is the same: a rule number has to be defined
and the expression for the value of the rule controlling factor, now called
FXFACTOR, must be established.

Examples of pallet selection priority rules which could be used are:
- Highest priority part rule.

With this rule the pallet is selected on the basis of the highest
priority part loaded on the pallet.
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- Remaining processing time of the palletised parts
- Processed time of the palletised parts

- Number of unprocessed operations of all palletised parts

The highest priority part rule is used for experimental i)urposcs._ This
simply means that priority is given to the highest priority part on the
.pallet for both machining and depalletising operations. Iﬁ this work the
emphasis is on producing complete assembly sets and individual parts
priorities arc set to achieve this. Hence in the experimental work the the
highest priority part on pallet rule is used to ensure that high priority

parts which are required for assembly sets are not held up in the system.

9.7.2.3 Machine Related Data

Physical and izational d

-« Number of machines in the system

Types of machines in the system

Number of machines of each machine type

Type of tools which each machine may use for part processing.

Machine local tool storage size - magazine size

- Number of machine buffers places - buffer positions for pallets.
An n' position buffer has 'n-1' utilized buffer places for pallets. A
spare place is necessary for pallet exchange.

- Machine assigned workload

This last variable is dependent on system state and is essentially used for

machine pooling and part-loading as referred to in section 9.5.4.

Machining priority is determined by pallet priority as defined in section
9.7.2.2.
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9.7.2.4 Tool Relatad Data

Sets of tools are defined for the processing of cach different part
operation, section 8.3. Tool groups are established having one or more such
tool sets. The maximum number of tools in each tool group cannot be
larger than the smallest tool magazine size into which the tool group is to

be loaded.

The data which is necessary to define the tooling system configuration is:

Number of tool sets

Type of each tool set

Number of available tool groups in the FMS

Type of each tool group in the system.

Tool sets which make-up each tool group

Number of tools in each tool group.
In addition the times to replace tools at machines are given:
- On a tool by tcol replacement basis

- On a magazine replacing basis

1 9.72.5 Handling Devices and Transport

The data input related to the transportation system are:
- Number of pallet transport/handling devices (HD);
- Number of pallets carried at a time or pallet carrying positions;

- Transport time to and from any defined area in the transport
network, figure 9.5.2;

- Handling device function:
- part-pallets carrying only

- part-pallets and tools carrying
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When the handling devices are also used for tool transport the transport
‘time to the machines and tool group loading into and unloading from the

HD must be given.

9.7.2.6 Operator Data

The operators' related data are:
- Number of operators
- Operator functions:
- Palletising/Unpalletising only

- Palletising/Unpalletising and tool replacement and/or tool
transport.

Each of the operation functions applies to all operators during a specific

simulation.

9.7.2.7 Other Input Data

It is also necessary to input a diversity of other parameters such as:

Production period-Simulation duration

Shift duration

Number of shifts per day

Day duration

Part sequencing priority rule, section 9.7.2.1

Pailet selection priority rule, section 9.7.2.2

Job. order releasing plan. This includes:
- a list of all jobs (AS or batches) to be processed

- the job releasing priority rule section 9.7.2.1. When this is
not given jqbs are r_clcascd as they appear gueued in the
order plan, i.e. on a first come first served basis and
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- the value of the priority factor, if any, for each job to be
released.

9.7.3 Model Output

Model output includes a number of performance measures expressing the
manufacturing simulation results, a number of system configuration and
manufacturing control parameters as well as part spectrum related

variables.

The main performance measures recorded by the model and which can be

printed out, figure 9.7.1, are:

1 - Average utilization of a varicty of classes of physical system entities
which are involved direct or indirectly in the manufacturing of parts,
namely machines, operators, tools, pallets and handling/transport
devices, HD. In addition the utilization of each particular entity within

each class is also obtained.

2 . Number of finished and in progress workpieces and assembly sets
for each type as well as the corresponding totals for each of these two

classes of entities.

3 . Average and frequency distribution of the work-in-progress, w.i.p.,

expressed as:
- number of w.i.p. parts and
- w.i.p. processed time

4 - Average and frequency distribution of the throughput times of both

parts and assembly sets or batches.

5 . Average and frequency distribution of the throughput time index,
TTI, of both parts and AS or batches.

___Throughput time
™ = Machining time
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6 - Work-in-progress turnover of both parts, WIPTQ and processed time,

WIPTT
WIPTQ Average number of parts produced in a year
Average number of parts in progress
Average total processed time in a year
WIPTT 2 B L

Average processed time in progress

7 - Production rate in workpieces per hour

8 - Production Synchronization Ratio, PSR, section 10.1.1.

Other variables are also printed out with the purpose of complementing

information output and check on input data. These include:

FMS configuration data

- Number of operators in the system

Number of machines in the system

Number of pallet buffers in each rhachine

Number of tool groups in the system

Number of handling devices, HD, in the system

Number of transport positions in each HD.

Number of pallets of each type in the system.
Manyfacturing _control data

- Job releasing priority rule

- Parnt sequencing priority rule

- Pallet selection priority rule.
Operational data

- FMS munning time/ Simulation time

- Number of loaded AS or batches per type
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- Number of loaded parts per type

. Frequency distribution, mean and standard deviation of part-

operation times of all loaded parts

- Frequency distribution, mean and standard deviation of machined
operations. A machined operation may include the machining of one
or more part operations, depending on how many parts are loaded
together in a same pallet for processing at a given machine.

- Frequency distribution , mean and standard deviation of transport

times of pallets

- Number of times each simulated activity succeeds during the

simulation period.

9.8 MODEL VALIDATION

Ideally validation of a computer simulation model can be carried out by
comparing model output with actual observed output. In many cases,
particularly when investigating possible system configurations, as in fhis
work, for high capital cost equipment, real systems output are not

available.

Model validation in these circumstances can only be achieved by
verifying that the program matches the conceptual model of the FMS's,
that there is a correspondence between the model and the FMS's which it

represents and that the simulation program behaves as intended.

In order to carry out this latter stage, during mode! development system
dumps of variables were checked at every clock time to determine whether
variables changed as expected. These expected changes were derived by
hand for each FMS configuration tested, its eclements, control rules and

operational data.

In addition, output results of test runs were examined for consistency and,

where appropriate, expected behaviour,
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CHAPTER 10 - COMPUTER SIMULATION EXPERIMENTS

10.1 BOUNDARIES AND OBJECTIVES

For the rcasons stated in chapter 4, set assembly manufacturing has been
considered throughout the design and operation analysis of FMS's in this

work.

The results and conclusions of this research work are based on computer
experiments carried-out with a complex simulation wmodel, chapter 9, which
gives emphasis to tooling and palletising aspects which are central to this

research  work.

In particular the problem of finding tooling configurations for efficient

FMS operation under minimum tooling requirements has been studied.

FMS design and operation are interrelated. Thus a specific design
configuration is dependent on operating objectives and on the other hand
the operation of an FMS, is significantly influenced by the design solution
adopted. Due to this interrelationship the computer simulation experiments
carried out can be seen as directed at evaluating both design and operation

aspects of FMS,

The stedy considers tools to be a limited resource. This removes the wusual
simplification of assuming that tools arc available and therefore scheduling
decisions are not constrained by tooling. Such a simplification may be
acceptable when modelling traditional manufacturing systems, in particular
rigid transfer lines, but is unrealistic in FMS where it is necessary to avoid

excessive tool duplication and tooling costs.

10.1.1 FMS Performance and Evaluation

Because this investigation is concerned with FMS's which produce sets of
parts for subsequent processing, FMS performance will be considered as the
combined view of both average utilization and assembly sets output during
the FMS running period. A normalized representation of this measure is the

production Synchronization Ratio, SR defined as:
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_ Actual finished assembly sets in the period
“Theoretical maximum sets it is possible to finish in the period

SR

In experiments concerned with varying the total load in the system, two
other measures have been used. These are work in progress, w.i.p., expressed

as the processed time of in progress parts, and job throughput time.

Job throughput time is considered as the average throughput time of
assembly scts. As a normalized measure of throughput time the Assembly Set
Throughput Time Index, ASTTI, will be used. This is given by:

_ Average set throughput time
“Machining time per assembly set

ASTTI

10.1.1.1 Degree of Balance of an FMS

The maximum achievable machine utilization in a FMS is usually dependent
on part mix processing requirements and alternatives for parts assignment to

machines,

The assumption is made that it is possible to identify groups of machines,
which may contain one machine or more, such that part operations can be
~ performed anywhere within the machine group. The total work load is
distributed among the groups and considered to be equally distributed within
the machines of each group. As long as the machines in each group are fully
utilized the theoretical maximum possible machine utilization for the FMS is 1.
We can say that the FMS is in perfect balance. However, if due to the nature of
processing mix requirements an unbalanced load assignment to the groups
results, then that maximum is not achievable. Eventually the group with the
largest load per machine may be fully utilized but the machines of the others
are bound to remain idle for some time. In these circumstances the
theoretical maximum machine utilization is no longer 1 (one) but a value less
than that. In this case perfect FMS balance in not achieved and only a certain
degree of balancing is achieved. The Degree of Balance of an FMS is defined as
the _~ theoretical maximum possible machine utilization of an FMS

determined by the average of the total maximum possible utilization of the
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machine groups within the FMS. This theoretical machine utilization is given
by:

i mij*Uj

i=1

% u
i=1

UT =

Where:

UT - is the theoretical maximum FMS machine utilization or degree. of
balance of an FMS

mj . is the number of machines in the machine group i

Uj . is the maximum possible utilization of machine group i, table 10.9.3.
and

g - is the number of machine groups in the FMS

A practical application example of this concept is shown in table 10.9.3.

10.2 GENERALIZED SYSTEM SET-UP AND DATA

The FMS configurations and the data used in the set of experiments are
mainly based on an existing FMS13% for manufacturing of complex prismatic
parts. Much of the data was obtained from direct observation. However, it is
felt that the modelled configurations are sufficiently representative to allow

some general conclusions to be made,

10.2.1 Production Planning Horizon and Shift Pattern

The experimental work is based on computer simulation runs for 3 eight
hour shifts. This choice is based on the fact that, most frequently FMS's are
run for planning horizons of one day}00, The shift division of the daily
production, which is a feature of the operation of many FMS's, offers

flexibility in organization which is reflected in operational control. Thus
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scheduling and sequencing strategies may be changed over time and are
frequently associated with particular shifts33. In this work, for instance,
part urgency or priority scheduling is defined on a shift basisin some

experiments, section 10.4.1.3.

10.2.2 Typical System Configuration

Variations in a basic FMS physical configuration, figure 10.2.1, may be

adopted according the objectives of the analysis or evaluation study.

Four machining stations -have been used for most of the experimental work
and these may be limited or multipurpose machines. A tool central store is
available where tool groups are kept to be exchanged in the tool storage area

at the machines,

The number of tool groups held varies according to tooling configuration

and is closely related to part mix processing requirements.

A single transport vehicle or handling device, HD, with a single pallet

position, is used.

Two palletising operators are used for both palletising work and tool

replacement at machines.

These two last types of system resources have been used in all experimental
work and their utilization is low, namely around 0.55 for the handling device
and 0.450 for operators. This fact combined with that of adopting these same
resources for every experiment allows one to assume that the main
variations in the performance measures are primarily due to the variation

in the levels of the factors analysed im ecach particular simulation study.

A palletising and central store area with a capacity for 13 fixtured pallets is
used in conjunction with a back-up store for the remaining available pailets.
These pallets will be kept empty until they are transferred to the palletising

and central store arca where part clamping can take place.
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10.2.3 Part Spectrum

The part spectrum used for the majority of the research is based upon a real
set of parts associated with the NGL FMS a sample of which is shown in figure

10.2.2. Variations in this spectrum have been investigated.

A basic set of nine different complex prismatic parts is considered and
relevant details are given in tables 10.2.1 and 10.2.2. Some of the parts have
identical processing times but they are different parts and required for the

assembly of a final product or set.

The part mix is required to form sets of parts. These sets of parts are called
assembly sets (AS) and are seen as an organizational unit. The parts of such a

unit can be identical or different.

The typical part requirements for each assembly set to be manufactured in
the configured FMS is shown in table 10.2.1

10.2.4 Part Operations and Processing Times

A part operation consists of a number of elemental operations each
requiring that a single tool or tool head be exchanged between tool magazine
and machine spindle. These tools may well include touching and measuring

probes.

The part operation processing times per each part operation type are given
in table 10.2.2. A typical frequency distribution of the part mix operation
times, is show in figure 10.2.3, The same figure 10.2.3 also includes a typical
distribution of machine operation times which clearly shows that in the
main the latter are larger than operation times because parts are pailetised
together and processed jointly. The distributions are dependent upon part

mix, load requirements and interactions within the system.

These time distributions are related to the manufacturing of parts for a three
eight hour shift period and are associated with the mix containing the ten

parts required for each AS, section 10.2.3.
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10.2.5 Part Release and Scheduling

Parts are released into the FMS in assembly sets, section 4.1.2. Thus when the
set batch size is two, then two identical assembly sets are released into the
system together. The release of work is an aspect which is not central to this
research work. Thus it was decided to adopt a simple mechanism to release
work. The work is released whenever the system load drops below a given
value normally equivalent to a two shifts load namely 960 minutes for the
typically configured FMS of figure 10.2.1. This time is equivalent to an

average of 240 minutes per each of the four machines.

Work scheduling details and work scheduling flexibility has been discussed

in both model description, chapter 9 and in chapter 7.

10.2.6 Initial Calculation of the Number of Pallets

The analytical work in chapter 5 can be used to obtain a first
approximation of the number of pallets required to run the configured

FMS for the part mix referred to above.

10.2.6.1 Number of Pallets for the Three Eight Hour Shift Planned

Manufacturing Period.

If no reusage of pallets is considered than, as shown in section 6.3.1 the

number of required pallets would be:

P = U*(m-'l‘/pp) (6.12%)
where:

P' is the average number of required pallets
U is the average machine utilization

pp is the average processing time per pallet set-up at a machine or
workstation

T is the length of the manufacturing planned period

m is thc number of available FMS workstations
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If we consider that theoretically 100% machine utilization is possible then:
P' = mT/pp

In the FMS considered 4 machining centres are used, i.e. m is 4. Moreover
the FMS planned manufacturing period is three cight hour shifts, ie. T is
24 hours,

Based on figure 10.2.4 and table 10.2.2 it can be seen that there are eight

different types of pallets to carry parts requiring a total processing time of

802 min which means that the average processing time per pallet set-up is:

802
Pp="g"
B= 100 min
Thercfore:
=

P' = 58 pallets

Thus if no recirculation of pallets is allowed during the three shifts

an average of 58 fixtured pallets is necessary to run the FMS.

10.2.6.2 Number of pallets required with pallet reusage

It was seen in section 6.3.2 that when pallet reusage is possible within the
planned manufacturing period then the average number of pallets

required can be considerably reduced and is given by:
P=P /PR
which can be expressed as:

p = 2lo (6.14)
Pp

Where tp is the pallet cycle time, section 6.3.2
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tp can only be obtained from the study of a real system or through

computer simulation of the FMS operation.

10.2.6.3 Minimum Number of pallets required

It was seen, section 6.3.4 equation 6.17 that:

m(ps + Pc)

Pp (6.17)

Pmin= m +

Where:

ps - is the average time a pallet is used for part(s) palletisation
/depalletisation per pailet cycle and

pec - is the average paliet transport and handling times per pallet
cycle
The ps value can easily be determined from operation data. In the FMS as
configured 4 min were required for part palletisation and 3 min for pan
depalletisation. Since 2 maximum of 26 parts must be clamped on 8
different fixtured pallets, the maximum time for palletising and
depalletising i)cr pallet is :
bes 26*(84+3)
ps = 22.75 -uin

The time pe is likely to be depeadent on system configuration and also on
the way work flows within the system. A value could casily be obtained
through computer simulation. Nevertheless an approximation to pccan be

adopted based on handling and transport times betweén FMS stations.

In the configured FMS, pallet exchange times at palletising and work
stations is 1 min and transport times between palietising and machining
stations is 2 min. We can consider that pallets always return to the
palletising area after processing before going to other machines. This is
most probably the case when highly flexible machining centres are used
as in the FMS configured. In this case pe is the time to go from and retum

to palletising, namely 4 min plus the pailet exchange times at both
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machining and palletising areas, namely four times 1 min. Therefore p¢is

8 minutes.

Using equation (6.17) :

= 4(22.75 + 8
Pmin= 4+ (21070 )

l—)min =523

i.e. a minimum of 6 pallets would be required to operate the FMS. However
account must be taken of the number of different pallets required, section

6.3.3 , which is 8. Therefore the real minimum has to be 8 pallets.

10.2 7 Number of Pallets and Palletising Approach

The previous calculation suggests that a single set of 8 different fixtured
pallets may allow a good level of FMS utilization provided no other
production resources, such as tools or transport vehicles, and production
control impose delays oﬂ pallets. In reality a value larger than 8, i.c one set
of fixtured pallets, but certainly smaller than 58, is likely to be required

for high FMS performance.

Typically sixteen fixtured pallets, i.e.two each of eight different types, have
been used in most of the simulation experiments. Any changes to this are
dependent on the objectives of experimentation and will be referred to in

appropriate sections.

All pallets carry a number of parts which are clamped to appropriate
fixtures for joint processing, in groups of identical, different or mixed part

types as shown in figure 10.2.4,

A fixtured pallet holds a minimum of two parts and a maximum of ten as
shown. The figure shows which parts are clamped onto which fixtured

pallets and the respective part operations to be carried-out.

Some parts may remain with the same pallet for all operations, but need
reclamping between operations. Other parts may require a change of

pallet/fixture combination between operations, see figure 10.2.4,
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10.2.8 - Tools Loading/Unloading

Tools are combined in sets which may be grouped together to constitute

alternative magazine loads, based on part processing requirements.

Groups of tools required to process the work clamped onto pallets are loaded
at the tool buffers of the machines. The choice of which group to lead is

determined by part processing requirements and part priority.

The decision to unload a given group of tools from the tool buffer at the
machine is usually caused by the need to process a new part requiring a new

group of tools.

Tool group replacement time in the model is taken to be 35 minu.tcs. At the
start of production only loading of a tool group takes place and slightly more
than half of the loadfunload time, namely 20 minutes, has been allowed. This
is a simplification of what is likely to happen in practice. The -simpliﬁcation
was necessary to avoid problems, in running the model, which were initially
encountered due to the limitations of the simulation language referred to
previously, sections 9.1 and 9.3. Verification showed that it would not affect
noticeably the experimental results. Initial test runs showed that, for the 24
hour manufacturing period considered, tool loading at each machine takes
place at most around four times, i.e. slightly more than once per shift, and at
least once. This lower value occurs when tooling configurations with four
tool groups are used in the four machine configured FMS. Hence the tool
replacement time is a comparatively small fraction of the manufacturing
period and therefore did not noticeably affect machine utilization and other

performance measures.

10.3 OUTLINE OF COMPUTER SIMULATION EXPERIMENTS

Todling S . | FMS_Confisurati

The scheme of experimental work using the computer simulation model has
been designed to encompass the major combinations of machine tools and
tooling availability as shown in table 10.3.1. Some extensions to this scheme

have been included and these will be described in appropriate sections.
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Thus two basic FMS configurations are considered. One uses identical highly.

flexible machining stations. These stations can process any part operations
of the part mixes used in the experimental work. In the other EMS
configuration, two different groups of limited purpose machining stations
are used. These stations are only able to process a limited number of

different part operations.

For each configuration, FMS performance is investigated for three general
levels of tooling. One uses minimum tooling, i.e. no duplication of basic tool
sets, section 8.3.1. Another level uses restricted tool duplication. Tools to be
duplicated are chosen on the basis of a tool duplication heuristic rule, section
8.4.35. At the third level machining is not constrained by tooling but only
by machine processing capabilities. This is referred to as “the full tool
replication case. In this case the machines within each machine. group are
identically tooled. Tool loading is performed only once at the beginning of

the planned manufacturing period.

The planned set of experiments are set-up to study the impact of different
tooling levels and tooling configurations on FMS performance measures.
This is studied for different scheduling rules and different part mixes. The
tooling configurations are designed using the heuristic rules for tool

grouping, section 8.4,

D - ! l - EE!] i I ]l g [. Il [ D.EE
ing  Rul Batch Si

A further important aspect of this research is the determination of the best
number of fixtured pallets for efficiently running an FMS to manufacture a
given pant mix. A complex experiment was set-up, section 10.12, to study this
in conjunction with a number of other factors. These include tooling levels
for different tooling arrangements, different scheduling rules and 12
different levels of assembly set batch size, ASBS. An assembly set batch is a

number of identical AS's which are released together into the system.
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The interrelationships between these variables are studied in order to define

the best combination of the levels of these factors to achieve high operating

efficiency.

10.4 TOOLING CONFIGURATION DESIGN FOR MINIMUM TOOLING
REQUIREMENTS WITH MULTIPURPOSE MACHINES FMS'S-EXPERIMENT 1

10.4.1 Phase 1

10.4.1.1 Objective

The objective of this study is to investigate the design of tooling
configurations for the modelled FMS with multipurpose machining stations,
and to evaluate the effectiveness of the heuristic tool combination rules

developed in section 8.4, for generating those configurations.

10.4.1.2 Introduction

In this part of the research the minimum number of tools required to
process a part mix is to be adopted to study the influence of different tooling

configurations on FMS performance.

Tooling configurations are to be obtained from the available tools combined
in groups which will be loaded into the machines, Under minimum tooling it

is considered that no basic tool set will be duplicated.

The basis for evaluation will be the analysis of the FMS performance results
for the tooling configurations generated and also their comparison with the
FMS performance obtained for 2 set of randomly generated tooling

configurations.
104.1.3 Experimental Set-up
PHYSICAL FMS CONFIGURATION

The FMS system, figure 10.2.1, consists of four machining staticns (MC), a tool
central storc and a palletising and central storage area with a capacity for 13

fixtured pallets. A further back-up store holds the remain available pallets
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which will be kept empty unless they are transferred to the central store of

palletised work. The total number of pallets is 16.

Machining _ Stati

In this experiment machines are considered to be similar and multipurpose
in such a way that any of them can take any different tool group to carry out
processing operations. Each machine is assumed to have a magazine capable

of holding up to 100 tools.

In front of each machine is a buffer consisting of a two position shuttle. A
single position pallet carrier transfers pallets between the pan' store and

each of the machine shuttles.

Tools

A maximum of twenty one basic tool scts corresponding to the twenty one
different part operations to be carried out on the part mix are initially
combined into eight basic tool groups, table 10.4.1, appropriate to the part
operations accommodated on each of the cight different fixtured pallets. This
resulting tooling configuration is referred to as the basic tooling

configuration, section 8.3.2.

Machine set-up
The machine set-up involving tool replacement, is carried out by the two

available palletisation operators.

Part mix, fixtured pallets, pallet stores, clamping and loading areas, operators

and other physical data have been described in section 10.2. Processing data

for the 21 part operations is shown intable 10.2.2.
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n routi xibili

The multipurpose nature of the FMS machining centres allows any different
pre-defined tool group to go to any machining station to carry out
appropriate processing operations on the part mix, However, since minimum
tooling is to be investigated in this experiment an operation can only be
carried out in a unique machine at a given instant. Such a machine has
cither to have tools, for processing the part, alrcady loaded in it, or have
tools available to be loaded into it. In the first case no alternative part
routing is provided; in the sccond however, before tools are loaded, the

maximum routing flexibility is available.

The choice of a machine is dependent on system state conditions, in
particular on machine state, and also on the manufacturing control strategy

adopted.

nLr I

a)  Job Release

A job releasing switch based on a minimum system work load is used to
release work into the system, section 10.2,5, The work is released on an
individual assembly set basis, i.e. ASBS, section 10.3, of one is used. Thus work
load includes parts which are actually being worked on and is equivalent to
four working hours per machining station. This value of the workload is

shown, section 10.6, to be a reasonable workload.

The job to be released is chosen on a FCFS basis, section 9.5.1.

b)  Opsrationgl Control
b.1) Priority Rules

From the range of static and dynamic priority rules referred to in section
9,72 a rule based on the timing of job entry in the system is used. The rule

used gives identical priority to the parts for assembly sets or batches which
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are released in the same shift. Parts for assembly sets or batches loaded in

later shifts have lower priority.

For identical priority at a work station, the rule selects the part or pallet
which is first in the queue. This rule will be referred as FCFS scheduling

rule.

b.2) Pallet Priority

Due to the variety of parts which can go on a pallet the pallet priority is

made equal to the highest of the part priorities, section 9.7.2.2.

TOOLING CONFIGURATIONS

Complete enumeration has already been shown, section 8.2. to be an
inadequate method of generating practical tooling configurations, There

remains therefore two basic approaches:
1 -Random combination of tool groups and

2 -Use of heuristic rules

- ) mbinati

Tooling configurations based on random combination of the available tool
groups in an existing configuration are successively obtained by randomly
choosing two such tool groups which will be combined into ome. It is

assumed that tool combination is unconmstrained by magazine size.

This tool combination approach starts from an initial tooling configuration.

This is the basic tooling configuration, BTC, as defined in table 10.4.1.

The random combination cycle ends when a configuration is obtained with
as many combined tool groups as there are machining stations to accept
them. Since there are four identical multipurpose machining stations and an
initial tooling configuration with eight tool groups, four additional tooling
configurations are obtained for ecach random generation cycle. A typical set

of tooling configurations, generated in this way is shown in tabie 10.4.2.
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2 . Tl £ heuristic ul

Four heuristic rules described in section 8.4 are compared with each other

and also compared with the random generation rule.
To recap, the heuristic rules are:
Rule A - Least utilized tool groups rule.
Rule B - Lowest to highest parts ratio (WPR) rule,
Rule C - Highest to highest WPR rule.
Rule D - Ungrouping-regrouping rule.

Due to their nature, rules A B and C only generate, n, tooling configurations

each with:

n=NTGi-m

N'I‘Gi - Number of tool groups in an initial solution

m - Number of machining centers in the configured FMS.

The initial basic tooling configuration used in this experiment has eight tool

groups and since four machining centres are available then p will be four.

Therefore each of these rules will generate four tooling configurations.

Rules D may generate any possible number of tooling configurations limited
however to the maximum given by the mathematical recurrence formula

(8.5) developed in section 8.2.

10.4.1.4 Results and discussion

Each generated tooling configuration was evaluated by running the

simulation model as configured.

The simulation time required for a simulation run is on average 3 minutes of
CPU time on a Prime 700 mini computer for each three eight hour shift

simulated manufacturing periods.
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A sample of 6 sets of four tooling configurations each was randomly
generated. This is a total on average 6 times more than the configurations

needed to be generated by each of the A B or C heuristic rules.

The randomly generated configurations and the FMS performance measures
under each one are shown in table 10.4.2 together with the BTC for the part
mix, An overall average for each measure as well as their ranges are also
shown, These results can be compared with those obtained under the

heuristic tooling configuration design rules shown in table 10.4.3.

Figure 10.4.1 illustrates the differences in the two main performance

measures considered.

The application process of heuristic tool combination rules and resulting

tooling configurations arc shown in appendix 3.

DISCUSSION

As would be expected in general the heuristic rules are better than the

random rule in finding tooling configurations which perform well. ,

In average terms heuristic rules give utilizations considerably above that
obtained for the random rule. The same pattern is also noticed for the
number of finished assembly sets (AS) during the three eight hour shift
running period. This number was on average 4.69 for the heuristic rules and
only 3.2 for the random rule, tables 10.4.2 and 10.4.3. Average machine

utilization was 0.857 for the heuristics and 0.703 for the random strategy.

Rule D shows, in the case studied, a better behaviour than any other. With its
use it is possible to design tooling configurations which, even under no tool
set duplication, are capable of yielding a relatively high number of

assembly sets and good machine utilization.

In addition, performance variations between the tooling configurations
generated by the tooling combination rules for both utilization and finished
sets ar¢ considerably smaller than those of the random rule, table 10.4.2. In

this sense rule D also has the best performance.

Utilization variation is around 0.53 for the random tool combination strategy,
and only 0.14 for the heuristics, table 10.4.3. On the other hand finished sets
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vary between 4 and 6 for the heuristics and zero and 5 for the random
strategy. Thus it is possible to conclude that the heuristics are undoubtedly
better than the random strategy. However tooling configurations obtained
under some of the heuristics do present considerable variations in
performance. Therefore it is necessary that tooling configurations are well
designed to guarantee the achievement of production performance

objectives.

In this respect, under the environment of this experiment the heuristic
rules discussed, and in particular rule D, have shown to be good useful aids.
for that design. It must be pointed out that rule D is normally applied to a TC
obtained from application of other rules and usually with the aim of finding
new configurations under which FMS performance can improve. In this
case rule D was applied to TC9 improving utilization from 0.872 to 0.93 and AS
from 4 to 6. '

10.4.1.5. ‘Main Findings

From the results and discussion of this experiment a few major findings can

be stated:

1 - Under fixed minimum tooling resources tooling configuration greatly
affects FMS performance. As a consequence there is a need to correctly
identify those tooling configurations which can achieve best FMS

performance objectives.

2 - This identification can be carried out effectively through the application

of heuristic tool group combination rules.

3 - It has been shown for the FMS configuration studied that the heuristics
developed perform better overall then a random strategy in achieving both
high FMS utilization and high assembly set throughput per manufacturing

period.

4 . In the environment of the experiment it was shown that without tooling

duplication good system performance can be obtained.
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However, this is obviously dependent on a number of factors, one of which is
part mix processing requirements. Thus, if a single type of part is to be
processed within the FMS it is natural that tool duplication will be required.

As part variety increases such requirements will be reduced.

5 - We can also conclude that pooling machines to provide simultaneous part
routing alternatives may not be necessary to achieve high levels of system
performance. In the case studied no machine pooling is possible and
nevertheless good levels of FMS performance are obtained table 10.4.3 and
figure 10.4.1.

10.4.2 Phase 2
10.4.2.1 Objective

The objectives of this second phase of the experiment' are to investigate
whether or not the findings obtained in the first phase under the FCFS rule
related to the tool combination heuristic rules can be applied to the situation
when the MRPAS scheduling rule, see below, is used and additionally to
evaluate the cffeétivc’ness of this new scheduling rule in achieving the
performance objectives, In particular its potential ability for providing
high output of sets and high utilization under different tooling

configurations will be investigated.

In later experiments, e.g. section 10.12, the performance of the MRPAS rule
will be compared with that of the FCFS rule under different FMS operating

set-up configurations.

10.4.2.2 Introduction

In the first phase, tooling configurations were developed and evaluated by

operating the modetled FMS under the FCFS scheduling rule, section 10.4.1.3.

It is pertinent to examine the possibility of designing a control strategy
which provides better system performance under varying tooling
configurations and operating conditions. It is important to obtain high

utitization of FMS due to the high cost of such systems.
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The scheduling rule devised is related to the requirement for achieving
high output of sets whilst retaining high machine utilization, The rule has
been named MRPAS - Minimum Remaining Parts of the Assembly Set. As the
name suggests, under the MRPAS rule parts which belong to sets nearest to
completion will be given priority. This is done not only for part assignment

to machines and transport but also for part palletising operations.

10.4.2.3 Experimental Set-up

The cxperimental set-up is the same as the one used in the first phase of the
cxperiment except that the FMS system will be operated under the new
scheduling MRPAS rule, instead of the FCFS.

104.2.4 Results and discussion

Tooling configurations under no tool set duplication were designed by means
of the four heuristic tool group combination rules A, B, C and D, section 8.4,
and the iterative use of the simulation model just as was done in phase 1,

section 10.4.1

The tool set composition of each tooling configuration is shown in table
10.4.4, which also includes the values of average machine utilization and

output of assembly sets for the running period.

A comparison of performance results under the MRPAS rule, table 10.4.4, and
the results previously obtained for the FCFS rule, table 10.4.3, is shown in
figure 10.4.2 .

It can be seen that, in general under MRPAS scheduling the heuristic tool
gfoup combination rules considered in this phase perform consistently
better than under FCFS. This is particularly so for sets output although
" machine utilization is also, on average, better under MRPAS for the
heuristics rules taken overall. Among rules A, B and C rule B is the one
which performs the best with a maximum of 6 sets output for every tooling

configuration generated and average utilization of 0.896. But again rule D
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performs best as has already happened when running the FMS under the
FCFS scheduling rule.

At this stage it is not immediately clear why utilization is better under the
MRPAS rule. Further experimentation carried out later, mainly in section

10.12, will to some extent clarify this,

Under no tool set duplication there are tooling configurations, ¢.g. TC9, TC13
and TC14, table 10.4.4 for which the FMS performance is high, which,
because of having as many tool groups as there are machines, once loaded
into the machines no part routing altermatives are provided, i.e. a given
operation can only be carried out in the single machine which has the

right tools.

10.4.2.5 Main Findings

1 - The conclusions reached in the first phase under the FCFS scheduling
rule are valid for an identically configured FMS operated under the MRPAS

scheduling rule.

2 - For the multipurpose machining station FMS operated under minimum
tooling, in general the MRPAS rule performs better than the FCFS- rule. The
MRPAS rule is consistent in leading to high FMS utilization and particularly

to high output of assembly sets.

3 - Heuristic tool combination rule D performs better than the other tool
combination rules for both FCFS and- MRPAS scheduling rules.

10.5 RANDOMIZATION OF PART TYPES WITHIN ASSEMBLY SETS-
EXPERIMENT 2
10.5.1 Objective

The objective of this experiment is to test wether the deterministic ordered

release of the assembly set parts has introduced a bias in the FMS results.
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10.5.2 Introduction

In the previous experiment, section 10.4, the parts of any AS are released
into the system in an identical and systematic order as they appear listed in
the AS. Therefore the AS parts are always released in a deterministic part

type sequence.

It may be argued that this fixed ordering of AS parts release may introduce
a bias in FMS performance results and therefore make conclusions based on

the previous ecxperiments questionable.

To investigate this possibility, a non-ordered AS part type release strategy

i.c., part release in random order, has been used in this experiment.

10.5.3 Experimental set-up

To meet the objective of this experiment, the FMS set-up and part-mix must
be identical to that of the previous experiment with a basic difference

concerning only the order of releasc of parts making up ecach assembly set.

Thus the release of parts in this experiment is randomized in such a way
that any of the parts, within an assembly set still to be released, can be
released next with identical probability. This means that any time a set is
released, a new random order by which the parts of the assembly set are

released is generated.

Tooling
In this cxpcrimbnt no new tooling configurations are obviously required to

be generated. Instead the tooling configurations generated in the previous

experiment can and must be used.

-10.5.4 Results and discussion

In order to reduce the amount of computer runs and simplify

experimentation it was decided to make a selective choice of only some of

o
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the 28 tooling configurations generated in the previous experiments and
shown in tables 10.4.3 and 10.4.4.

Twelve of these tooling configurations were selected. The criteria for
selection was to: choose complete sets of tooling configurations associated
with particular heuristic tool combination rules which performed well in

the previous experiment.

Thus tooling configurations TC6 to TC13 from table 10.4.4 corresponding to
rules B and C were selected and are identical to TC1 to TC8 in table 10.5.1. The
other configurations selected were TC10 to TC13 from table 10.4.3
corresponding to rule C and are identical to TC9 to TCI12 in table 10.5.1.

The 12 tooling configurations were run for both FCFS and MRPAS
scheduling rules but now under randomization of the AS part release. The
results were compared with those obtained for the part ordered release case.

Thus, a total of 48 simulation runs were necessary.

The zero hypothesis in this experiment is to postulate that part type ordered
release does not affect significantly the performance results and therefore
tooling configurations for which FMS performance was high/low should
lead under part release randomization to high/low FMS performance as
well. In other words, the mean difference between a performance measure

under deterministic part release and randomized part release must be zero,
ie,Hg:p=0.

Table 10.5.2 shows the differences in performance results between the two

order release strategies.

There is a very close similarity in the results obtained under the ordered
pattern of part types within an AS and the random one as tables 10.5.1 and
10.5.2 and figures 10.5.1 to 10.5.5 show.

Morcover the trend observed under randomization of part release, for each
of the three groups of four tooling configurations, fig. 10.5.5, is identical to
that seen under the conditions of the previous experiment for the same
tooling configurations. This is so not only under FCFS scheduling rule but
also under the MRPAS nrule.
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Additionally under the FCFS rule, the AS output varies little for each of the
two part release strategics considered. Thus for 50% of the runs, AS output
is the same under each of the strategies. From the remain pairs 11 show a

variation of only one AS and for one pair there is a variation of two AS.

The results were tested at 5% significance level, using a two sided t-test for
each of the four differences corresponding to the four columns of table
- 10.5.2.

Two_sided t-test of significance of the results

In general, since the mean of the difference between the values of the

pcrformance' measures should be zero, the null hypothesis is:
Hp: p=po
with pg =0

And for a 5% significance level t3 5.1 is f9 025,11 = 2.201

CASE 1: Machine utilization difference under MRPAS

n
X1= E x“/n
i=1
x; = - 0.087/12 xy=-725*10-3

T xp;2 = 4739 * 10°3

s1=Y((Z 2152 ) - x12 )/ (n-1) s1 = 0.0193256
Itgq1 = Wx1-0)/(sy VD)1 ltgg} = 13 < 2.201 =15,095.11

Since 1tgy! < tg.025,11 there is not enough evidence to reject the null
hypothesis and it is therefore possible to conclude that utilization under the
MRPAS rule does not vary significantly when deterministic release of AS

parts is compared with randomized part release.
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CASE 2: Machine utilization difference under FCFS

n
Xp = Z Xai/n
=1
xy = -0.145/12 Xy = -12 %10 -2

T x92 = 5.77 * 10°3

5=V ((Z %232 ) - 222 ) / (n-1) sy = 0.0191

ltga} = 1(x2-0)/(s3/V )1 ltgal = 2.19 < 2201 = tg 025,11

Since ltgal <t9.025,11 there is mot enough evidence to reject the null

hypothesis and it is therefore possible to conclude that utilization under the
FCFS rule does not vary significantly when deterministic rclease of AS parts

is compared with randomized parts release.

CASE 3: AS output difference under MRPAS

x3= i x3i/n
f=1
x3 = -2/12 o x3 = - 1/6
T x32=6
s3=Y((Z x33%2 ) - x32) / (n-1) s3 = 0.75878
ltg3! = 1(x3-0)/(s3/Vn)! ltgsl = 0.761 < 2.201 = tg 925,11

Since Itg3l < 19,025,11 there is not enough evidence to reject the null

hypothesis and it is therefore possible to conclude that assembly sets output
ander the MRPAS rule does not vary significantly when deterministic

release of AS pars is compared with randomized parts release.

CASE 4 : AS output difference under FCFS

n
x4= 2 x4i/n
i=1




xg = 5/12 x4 = 0.41666

pX X4i2 =90
s4=2V( (= x4i2 ) - x42 ) / (n-1) sq = 0.79296
ligg! = 1(x4-0)/(s4/N 1)l ltgg! = 1.820 < 2201 = tg 925,11

Since Itg4! <t 025,11 there is not enough evidence to reject the null
hypothesis and it is therefore possible to conclude that AS output under the
FCFS rule does not vary significantly when deterministic release of AS parts

is compared with randomized parts release.

10.5.5 Main conclusion

The deterministic release of the parts of an AS, adopted in the previous
experiment does not introduce ' any significant difference in the FMS

performance results when compared with the randomization of AS part

release into the system.

10.6 FMS PERFORMANCE SENSITIVITY TO SYSTEM WORKLOAD UNDER
DIFFERENT TOOLING CONFIGURATIONS

10.6.1 Objective

To study the interrelated influence on FMS performance of different work

loads and tooling strategies.

10.6.2 = Introduction

Typical management ‘aims in operating FMS's are to achieve high system
utilization and low job throughput time. These are usually seen as two

objectives which pull in opposite directions .

Two factors which might affect the two performance measures are the
amount of work released into the system and tooling strategies under which

the FMS is operated.




158

10.6.3 Experimental Set-up

The system work load was studied for a number of levels, figure 10.6.1 under
two different tooling configurations chosen from among' the set of

configurations under minimum tooling requirements shown in table 10.4.3.

The basic tooling configuraﬁon. TCl, was chosen together with the best
performing configuration under e¢xperiment 1, phase 1, namely

configuration TC14.

The FMS was set-up as in the first phase of experiment 1 and operated under
the FCFS rule. '

10.6.4 Results and Discussion

The results of the simulation experiment are summarized in figures 10.6.1 to
10.6.3.

It is clear that different work loading levels within the FMS do affect

differently machine utilization and assembly set throughput time.

Generally machine utilization increases with system work load and tends to
stabilize at a level dependent upon the tooling configuration. However the
assembly set throughput time index, ASTTI section 10.1.1, keeps increasing
as the load level increases. This pattern is the same for both tooling
configurations although one of them, viz TC14, consistently exhibits
considerably better average machine utilization, figure 10.6.1, throughout
the whole range of the system work load. Up to the load used in the previous
experiment corresponding to a level of 960 min, there is little difference in
assembly set throughput time, figure 10.6.2, and also in work in progress,
w..p., figure 10.6.3, for the two tooling configurations. At higher load
levels the differences in .= each of the two measures for the two tooling
configurations become greater. The difference in utilization under the two

tooling configurations, is large and almost constant over the load range.

The results also show that with a load level of 960 min two highly different

levels of utilization directly linked to the tocling strategy adopted, are
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obtained without noticeable differences in job throughput time and work in

progress, figures 10.6.2 and 10.6.3.

The results suggest that before a given part mix is manufactured in an FMS
operated under conditions similar to those of this experiment, the following |

steps should be taken:

1 -Determine the system loading level after which utilization does =not

increase significantly

acceptable according to manufacturing objectives.
3 .Choose the "best” performing tooling strategy.

4 -Run the FMS under the "best” tooling strategy at the system loading

level determined in step 1.

5 .If condition 2 is not met, change the loading level to that which
gives the desired throughput time. This results in a trade-off with
utilization which, as a result of a reduction in loading level, tend to

decrease.

10.6.5 Main Findings

I
|
|
2 _For that load level, check that the average job throughput time is
1 -The loading level of 960 min, two shifts of work load, which has been
adopted in the previous experiments is shown to be a reasonable value for

the following reasons:
a)-The average system utilization tends to stabilize necar this value,

b)-Assembly set throughput time and particularly w.i.p. start
showing large differences for different tooling configurations after

that loading level, and

c)-System utilization difference is almost constant over the load
range. This allows the conclusion that the previous findings from
the experimentation on tooling configurations are likely to be valid

for a large range of workloads.
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2 -A "good" tooling strategy gives better utilization over the whole range of

system loading than does a "poor" strategy.

3 -Increase in machine utilization can be achieved in three ways:

a)-by increasing the loading level. However as machine utilization
increases work in process and job throughput time also increases;

b)-by adopting better performing tooling strategies. In this case
machine wutilization can increase without increasing w.i.p. or job
throughput time for a specific load level;

c)-by adopting both steps a) and b).

4 .It is possible to identify a work load level, for each tooling configuration

after which machine utilization is likely to be constant.’

In addition any increase in workload beyond suchk a level tends to increase
considerably both assembly set throughput time and work in process

without having any noticeable benefits on machine utilization.

10.7 FULL TOOL REPLICATION IN MULTIPURPOSE MACHINES FMS'S-
EXPERIMENT 4
10.7.1 Objective

The objective of this is to study system performance behaviour under

maximum machine pooling, chapter 7, using the FCFS scheduling rule.

10.7.2 Introduction

When full tool replication is provided in every machine of an FMS then a
Single Stage System results. This creates the simplest work flow system
possible namely the single stage FMS33. Moreover not only is the maximum
degree of machine pooling achieved but also, consequently, real-time

maximum simultaneous alternative part routing is available,
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In the previous experiments it was seen that it is possible to achieve good
system efficiency with the minimum number of tools, without tool set

duplication.

Other investigations!08 have suggested that pooling machines together
increases FMS performance. This can be explained in part by .the pro'vision

of a larger number of alternatives for assigning parts to machines,

10.7.3 Experimental Set-up

In this experiment maximum machine pooling is achieved by providing the
identical machining centres of the FMS with identical tool groups. Each of
these contains the tools to perform all of the manufacturing operations in

the part-mix.

Apart from the tooling arrangements the FMS configuration, figure 10.7.1,

is the same as the first experiment,phase 1, section 10.4.1.3.

Once tools are loaded at the initial stages of the FMS running period, no
more tool loading/unloading is necessary. The assumption is made that tool
life has been accounted for to achieve such an objective. In this situation,
the tooling strategy is fixed i.e. the system contains a maximum number of

tools.

10.7.4 Resnlts and Discussion

Performance results under full tool replication can be compared with those
under no tool set duplication which are summarized in table 10.4.3, In
particular a comparison can be made with the performance under the best
performing configuration, TC14 in table 10.4.3 for minimum tooling, figure
10.7.2.

Qutput of assembly sets for the planned period is the same for both cases.
But full tool replication provides slightly better overall utilization.
Synchronization of work flow is also slightly better for full tool replication.

In fact although the same 6 AS output is obtained under both tooling
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configurations, for the 3 eight hour shifts running period, under the full
replication case only one part type, namely part type 1, is preventing the
AS output from reaching 7 AS while under TC14 the completion of 3 part

types would be required to achieve the same objective.

This synchronization can be explained by the highest routing flexibility,
provided under full tool replication, and also by the FCFS sequencing
priority mechanism. This gives priority to parts of the assembly sets which
are rcleased first into the FMS. This priority determines the part flow which
is not constrained by tooling under full tool replication. This is not the case
under minimum tocling because tooling restrictions, in this case, tend to
direct parts to certain machines, without alternative part routing. This is
likely to delay parts which have high priority, i.e. from first assembly sets

- loaded, because alternative machines are not available.

For the configured FMS it is also noticed that the w.ip., measured as the
number of AS in process and the number of parts in process, figure 10.7.2

b) and c), is higher for full tool replication than for minimum tooling.

However the results show such small differences in performance between
the two tooling configurations that it is difficult to state that, in this
configured FMS and for the part mix considered, the full tool  replication
performs overall better than the minimum tooling strategy. It is however
clear that only for very well performing tooling configurations, for the
minimum tooling case, can the FMS performance approximate that obtained
under full tool replication. Morcover, if high FMS performance is to be
achieved under minimum tooling then a diversity of parts with different

processing routes are required when running the FMS,

10.7.5 Main Finding

With full tool set replication and for the part mix and machine
configuration used, there was little difference in machine utilization
compared with the use of minimum tooling under the best tooling strategy.

Also, output of assembly sets was identical. Moreover there is a larger
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average of w.i.p under full tool replication as figure 10.7.2 b) and ¢)

suggests, than under minimum tooling.

Hence, operating FMS under complete machine pooling by providing every
machine with all the tools for the running part mix does not necessarily
guarantee better overall system performance than that which could be
obtained operating the FMS under a tooling strategy which minimizes tool

set duplication.

10.8 RESTRICTED TOOL DUPLICATION IN FMS WITH MULTIPURPOSE
MACHINES CONSIDERING ALTERNATIVE PART MIXES-EXPERIMENT 5

10.8.1 ~Objective

The objective of this simulation study is to examine tool duplication

strategies with alternative part mixes.

10.8.2 Introduction

One of the difficulties that usually arises in FMS is the determination of the
minimum level of tool duplication for efficient system operation. Another is
cstablishing tooling strategies using available tools which achieve high

system performance. This cxperiment is concerned with these two aspects.

Four heuristic rules have been shown to perform well in defining tooling
strategies for efficient FMS operation under minimum tooling i.e. with no

duplication of tool sets, section 10.4.

A tool duplication heuristic rule, rule E, section 8.4.3.5, was also defined with
the objective of minimizing tool duplication within FMS. This rule
essentially proposes stepwise duplication of those tool groups which are
highly utilized and are used to process parts which are restricting the

output of completed assembly sets.
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10.8.3 Experimental Set-up

The FMS physical configuration is identical to the one used in experiment 1.

section 10.4.1.

Since the FCFS scheduling rule was shown in section 10.4.2 to perform
worse overall than the MRPAS rule in meeting the FMS multiple
performance objectives then the MRPAS rule is adopted in this

experimental ‘work.

10.8.3.1 Part Mixes
The experiment will be carried out for two part mixes:

~Part mix A and
-Part mix B

The structure of part mix A is shown in tables 10.8.1 and 10.8.2, which give

quantities required per assembly set and part-operation processing times.

The parts of part mix A, which are also considered to be prismatic, are
clamped onto six fixtured pallets in the configuration shown in figure
10.8.1.

For mix A six basic tool groups arc defined, table 10.8.3, which correspond to

the part-operations grouped for processing on each of the six pallets.

Part mix B is the one used in experiment 1, and data related to this mix is
shown in tables 10.2.1 and 10.2.2 and figures 10.2.2 and 10.2.3 .

10.8.4 Results and Discussion
10.8.4.1 Part Mix A
n 1 lication

From figure 10.8.2 it can be seen that average machine utilization is low and
that output of assembly sets is restricted due to low workpiece parts ratio,

WPR, of part type 1.
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Analysis of the results in conjunction with the tool duplication heuristic
rule E indicates that the first basic tool group should be duplicated, because
it is very highly utilized and required to process part type 1 with the lowest
WPR.

EMS._Perf Under Tool Dunlicati

The result§ show a considerable improvement in system performance by
simply duplicating the 1st basic tool group. The resulting tooling
configuration TC2 shown in both table 10.8.4 and figure 10.8.3 includes a
new, 7th tool group, identical to the 1st.

It can be seen that machine utilization increased from 0.672 to 0.800, i.e.
improved by an absolute value of 0.128 corresponding to a relative increase
of 19.05%. The increase of assembly sets output during the threc eight hour
shift running period was even larger, namely from 3 to 5 AS's

corresponding to a relative increase of 66.7%.

Additional scarching for new configurations, without altering the level of
tool duplication, by applying tool group combination rule A, shows it to be
possible to improve still further the FMS performance. Thus average
machine utilization could have an additional increase of 0.073
corresponding to an increase of 9.13% in relation to the initial tooling
configuration under tool duplication, namely configuration TC2 of table
10.8.4.

Output of assembly sets is shown to be less sensitive to tool configuration, It

actually did not change in spite of improved utilization.

By extending still further the search for new tooling configurations using
now the ungroup-regroup rule D, utilization was taken to 0.929 for a §
assembly - set output. This means that there was an increase in processed
work but not enough to complete further assembly sets within the running
period. This was only achieved for tooling configuration TC9, obtained
through further application of rule D, which produced the highest
assembly sets output, namely six, and practically the highest machine

utilization possible , namely 0.924,
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Relative to the basic tooling configuration twice the number of assembly
sets are produced and the average machine utilization also increased from

0.672 to 0.924 i.e. an increase of 37.5%.
Such improvements were achieved in two ways:
1 - by restricted and controlled tool duplication,

2 - by searching for good tooling configuration through the

application of heuristic rules.

The rules behaved well in establishing tooling strategies for efficient FMS
operation. In particular the ungroup-regroup rule once again has shown

consistency in developing efficient tooling strategies.

10.8.4.2. Part Mix B

A considerable number of tooling configurations were developed in

experiment 1, section 10.4.1.4, for part mix B.

it was possible tol show that a high level of FMS performance could be
obtained without tool set duplication table 10.4.3. Therefore the scope for
improving tooling strategy through tool duplication, is small in this case.
Nevertheless, it is important to know if under such circumstances tool

duplication has some impact.

By using the tool duplication rule an attempt was made to improve FMS
performance beyond that obtained under the most efficient tooling
configuration namely configuration TC14 of table 10.4.3, section 10.4.1.4,
Since the lowest WPR is that of part type 1 and the most utilized basic tool
group for this part is BTG No.l than this tool group is duplicated. The
resulting tooling configuration is TC14 plus BTG No.l1 which contains tool

sets 1 and 2.

The results, figure 10.8.4, show that overall performance under tool

duplication has not improved.
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This lack of improvement in performance can be explained by the fact that
under no tool duplication, tooling operational configurations were found

which practically achieved maximum FMS performance.

10.8.5. Main Findings

1 -Tool set duplication, within FMS's, for efficient operation is primarily

dictated by part mix processing requirements.

2 -Under some part mixes there is no significant advantage in duplicating
tools in different machines although they are able to process identical
operations. It is therefore necessary to identify which tools should be

duplicated, if any, to guarantee high system performance.

3 -The methodology presented for identifying the minimum quantity of
tools and their type as well as to design good tocling configurations, based
on the simultaneous use of both a set of heuristic rules and the simulation
model developed, has been proved to achieve good results. Thus it is possible
to identify the tools which must be duplicated as well as to define tooling

configurations to run FMS's which guarantee high system performance.

4 -It was shown that the "tool ungrouping-regrouping” heuristic rule D
helps to generate high performing tooling configurations even when

applied to the best tooling configurations formed by other heuristics.

10.9 MM(UM TOOLING REQUIREMENTS FOR FMS WITH LIMITED PURPOSE
MACHINES-EXPERIMENT 6
10.9.2 Objective

For the sake of clarity this experiment will be divided in two phases. In the
first one this work investigates whether the conclusions from the study on
tooling strategies for FMS with muitipurpose machines can or cannot be
extended to FMS's with more specialized machining stations and therefore to

potentially less flexible systems.
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In particular, at this stage, the case of efficient system operation without

tool set duplication will be analysed.

Thus tooling configurations will be developed based on the same heuristics

developed in section 8.4.

In the second phase the problem of FMS balancing is raised and the
ungrouping-regrouping heuristic rule will be applied to seek improvement

of the results from the first phase.

10.9.2 Introduction

-The set of experiments previously carried out have considered that the
machining stations within the configured FMS's were identical or at least
similar enough, provided tools were available, to perform any processing
operation in a scheduled part mix, The findings may be only applicable to
very versatile FMS's. Therefore it is pertinent to investigate whether or not
the methodology to generate tooling configurations for system operation
under different control strategies can successfully be extended to less
versatile FMS's and whether the general conclusions of previous

experiments can also be applied to these systems.

10.9.3 Phase 1-Use of Heuristic Sequential Rules Only

10.9.3.1 Experimental Set-up
EMS_ Physical Confi .

A model of a four machining station FMS will be configured comprising two
groups of machines each with limited purpose machining capabilities. Each
machine in the group is only able to process a restricted number of

operations on the part mix.

Each of the two different groups have two identical machines, i.e. machines
which can process the same restricted range of operations. A schematic

representation of the configured FMS is shown in figure 10.9.1.
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Tools
The same eight basic tool groups without duplication, adopted in experiment
1, section 10.4, will also be used. There is however an cssential difference.

Tool groups are restricted to particular machine groups as ﬁgﬁre 13.9.1

illustrates.

Because there are no duplicated tool sets, no two machines can
simultaneously provide a processing destination for a given part operation,

i.e. simultaneous alternative part routing is not available.

Part_mix
The nine part types described in section 10.4  are adopted in this

experiment. As before, parts must be manufactured so as to provided a

steady outflow of finished assembly sets.

Other Aspects

All other aspects of the model, i.e. palletisation structure, system

configuration and system operation are as in experiment 1, section 10.4.

Two heuristic tool group combination rules were used, namely the "lowest to
highest output parts ratio”, rule B and the "highest to highest output parts
ratio, WPR", rule C.

These have been shown to perform well in establishing tooling strategies

which lead to high system performance.

Some of the tooling configurations were obtained by successive iterations
using the scheduling rule MRPAS, (Minimum Remaining Parts in Assembly
Set), and others the FCFS rule, section 10.4.1.3 .

10.9.3.2 Resulis and Discussion

A total of thirteen tooling configurations, table 10.9.1, were defined with

the help of the heuristics and simulation model. Thus TC2 to TCY9 were
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developed using tool heuristics B and C and FMS operation under the FCFS
rule. The TC10 to TC13 configurations were obtained by applying tool
heuristic B and operating the FMS under the MRPAS rule,

All of the tooling configurations obtained were then tested using the two
scheduling rules, i.e. under MRPAS and FCFS. The tooling configurations
and all associated performance results under the two scheduling rules are

shown in table 10.9.1.

Figure 10.9.2 and 10.9.3 are graphical representations of the two FMS
performance measures. The results show that both heuristic tool group
combination rules perform well. They lead to tooling configurations which
can provide not only good levels of system utilization but also a high

number of finished assembly sets for the running period.

However, some of the configurations developed under the FCFS scheduling
rule, figure 10.9.2 do not perform well in terms of assembly sets output, for
it is secen that with some tooling configurations a very low number of
assembly sets is finished during the running period. We can therefore
conclude that the FCFS rule in conjunction with the two heuristics does not
show consistency in generating tooling configurations which can provide

for good overall FMS performance.

A similar analysis under the MRPAS rule, figure 10.9.3, shows that this rule
is more consistent in helping to generate tooling configurations which in
general perform well. These also perform well when the system is operated
under the FCES rule. '

N\

Conversely, it is seen that tooling strategies that give poor assembly sets
output under the FCFS rule perform well under MRPAS giving good levels of

assembly sets output.

It appears that FMS performance is firstly restricted by the tooling
configurations adopted but, in this case, is also very sensitive to the

scheduling rule used.
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10.9.3.3 Main Findings

1 -The findings obtained under experiment 1, section 10.4.2.4 can in general

be extended to less versatile FMS.

2 -For this case FCFS and MRPAS  scheduling rules can have markedly
different influences on system performance. With Ilimited purpose
machines it appears that the scheduling rules show larger performance

differences than with highly versatile FMS systems, section 10.4.1.4,

3 -Although tooling strategies can be seen as a major limiting factor to the .
level of performance which an FMS can achieve, it was shown, in this case,
that it is under the MRPAS scheduling rule that the best potential

performance under most of the tooling strategies can be realized.

10.9.4 Phase 2 - Seeking Maximum Performance Through
the "Ungrouping-Regrouping” Tool Combination
Heuristic Rule

10.9.4.1. Objective

The objective of this phase of the study is to investigate the extent to which
new tooling -configurations, without tool set duplication, can be generated
through the use of the ungrouping-regrouping tool combination heuristic
rule D, section 8.4, which can perform better than the configurations

already developed, table 10.9.1, in phase 1 of this simulation experiment.

It is also intended to evaluate the effectiveness of the heuristic in leading to
high performing tooling configurations, under no  tool set duplication, for

FMS with limited purpese machines,

109.4.2. Experimental Set-up

The results of the first phase of the study have indicated that generally the
MRPAS scheduling rule is better than the FCFS rule in meeting the two FMS

performance objectives, namely high FMS system utilization and high
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output of assembly sets for the FMS running period. For this reason only
the MRPAS will be used.

In all other aspects of FMS operation and physical configuration the

experimental set-up is identical to that used in the first phase.

10.9.4.3. Results and Discussion

Table 10.9.2 shows the results under tooling configurations TC14 and TCI15
developed as a result of applying the Ungrouping-Regrouping heuristic
tool combination rule, rule D, to tooling configuration TC13. The sequential
tool group combination process that led to the generation of the tooling
configurations TC10 to TC13 of table 10.9.1, is represented in figure 10.9.4.
The figure also shows configurations TC14 and TC1S5.

Application of rule D led to tooling configurations which offer considcrably
better machine utilization than any previously generated configuration.
Moreover the assembly sets output remain reasonably high at four finished

assembly sets.

Ifl ¢ FMS_Work Load Balanci S Utilizati

It can be argued that although better performing tooling configurations
were obtained through the application of rule D, the 0.835 utilization value
for the best performing configuration, TC15, figure 10.9.4, can be
considered low when compared with the maximum of 0.957 which was
obtained under full tool replication for the multipurpose machines FMS,
section 10.7. However there is 2 constraint which limits the maximum
utilization which can be obtained. This limitation is imposed by the work

imbalance within the FMS as explained below.

Normalized Machine _Utilizati

Figure 10.9.5 is a similar representation of the results shown on figure
10.9.4, with the difference that a normalized utilization measure has been

used.
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The normalized utilization is a relative value determined on the basis of the
degree of balance, section 10.1.1, or maximum theoretically possible
machine utilization, UT, for a given scheduled part mix or assembly sets

mix.

To achieve a balanced output of sets, one machine or in this model, one
group of machines will be fully utilized whilst, due to the scheduling of
assembly sets, the other group will not be fully loaded. This situation will

always arise when the workload balance between parts is not perfect.

In the case of the configured FMS in this study, set-up to manufacture
assembly sets with nine different parts and a total of 21 different

processing operations, the degree of balance is 0.876 as shown, table 10.9.3.

The normalized utilization values associated with each configuration in
figure 10.9.5, were obtained as the relationship between the absolute

machine utilization and the degree of balance as illustrated in table 10.9.4.

It is now clear that almost maximum possible machine utilization was
obtained for at least one of the two tooling configurations generated
through the use of the "ungrouping-regrouping” tool group combination
heuristic nule. The greatcst' improvement in utilization relative to the
initial configuration, TC1 , T ~ : figure
10.9.5, is:

100 * ( 0.953 - 0.837)/0.953 = 122 %

On the other hand the wutilization improvement relative to the best
configuration obtained by applying the "Least to Highest Parts Ratio” rule,
TC13, is:

100 * ( 0.953 - 0.90)/0.953 = 5.6%

10.9.4.4, Main Findings

1 - The ungrouping-regrouping tool group combination rule has been
shown to perform better than any other rule. This has also been verified

for two differently configured FMS's. It scems highly likely that the rule is
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consistent in generating tooling configurations which lead to high FMS

performance.

2 - Very high FMS machine utilization was obtained under no tool set
duplication. It is concluded that the scope for improvement through either
full tool replication in every machine within the machine group or

restricted tool duplication is small,

In these circumstances it would be reasonable to recommend FMS operation
under minimum tooling because good system performance could be

obtained under particular tooling strategies.

3 - Another important conclusion from this  experimentation is that the
degree of balance of an FMS, section 10.9.4.3, can be a limiting factor on the

level of machine utilization that can be expected from an FMS,

A method was devised, table 10.9.3, to determine that degree of balance
which is essentially dependent on part mix processing requirements in

relation to the alternatives for work assignment to machines,

4 - If high FMS utilization is desired it is essential that a part mix is found
for which the degree of balance of the FMS, is high, At best it should be 1,

This fact however must be combined with the use of good tooling

configurations otherwise the potential utilization is not realized.

10.10 MAXIMUM TOOQL REPLICATION IN FMS WITH LIMITED PURPOSE
MACHINES-EXPERIMENT 7
10.10.1 Objective

The objective of this experiment is to evaluate the performance resulting
from full tool replication in each of the machines within a group as

compared to the minimum tooling situation.
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10.10.2 Experimental set-up

The physical and organizational FMS set-up is identical to that of the
previous experiment, section 10.9. Differences concern only the amount of

tools which can be provided simultaneously in every machine,.

In the previous cxperimént, section 10.9, an FMS was set-up with two
different groups of limited purpose machines. Morcover the system was run
under minimum tooling. That FMS configuration contained the most
restrictive part routing situation considered in this work. Increased part

routing flexibility of the FMS can be provided through the tooling system.

Since there are two different groups of identical machines then tools may
be provided at each machine in a group in such a way that simultancous
alternative part routing is available. This means that any part-operation
which is required to be performed in the machine group may be processed

in ecither of the machines of the group.

In this experiment the tools for processing the part-operations mix which
can be assigned to a machine group are all available in any of the machines

of the group, i.e. full tool replication in each of the machines is provfded.

10.10.3 Results and Discussion

The - results, figure 10.10.1, show that total machine utilization under full
tool replication is only slightly better than that obtained for tooling

configuration TC15 under minimum tooling.

Individual machine utilization within each group is almost identical in the
full tool replication case. This is not the case for the other tooling
configurations. Thus a more balanced use of machine resources is achieved
as a result of using full tool replication in the machines of each group. This
is because for the full replication case the maximum possible alternative
part routing is provided. Under these circumstances there is a high
likelihood of a similar amount of work to be assigned to each machine in

the group during the running period.
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The imbalance in workload between the two groups is again evident.
Utilization values, figure 10.9.4, shows that, when compared with the values
in table 10.9.4, virtually maximum utilization is achieved in both machine
groups for TC15 under minimum tooling and with full tool replication. Based

on utilization alone tool replication cannot be justified.

However, if throughput of finished sets is considered then full tool
replication does allow rapid throughput of sets of parts, in this case 5 sets

compared to 4 without replication.

Therefore under the experimental set-up adopted, for the limited purpose
machining stations case, full tool replication leads to an overall better

performance,

Examination of the detailed parts output, based on parts ratio,WPR, shows
that in the case of full tool replication only part 1 is preventing 6 assembly
sets being completed while for the other tooling configurations there are a

larger number of parts contributing to that situation, figure 10.10.1 .

Thus, under minimum tooling there is a worse balance of parts output
towards finishing assembly sets and slightly worse FMS machine utilization
than under full tool replication, This can be explained by the restrictions
that minimum tooling and tooling configuration design are likely to impose
on the way that the work flows within the FMS. If a machine becomes free,
| it may not be able to load work contributing to completion of a set because
the tools are already in use in another machine. This limitation will never

happen under full tool replication.

10.10.5 Main Findings

1 - Full tool replication within machine groups has been shown to perform

well in a limited purpose machines FMS.

2 - Full tool replication provides the best opportunity for the best
performance of such a system. However, this performance can be

approached with limited tooling,
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3 . Under full tool replication a more balanced use of machine stations can

be achieved.

10.11 TOOL DUPLICATION WITH LIMITED PURPOSE MACHINES FMS'S-
EXPERIMENT 8
- 10.11.1 Objective

This experiment is set-up to study the performance of an FMS with limited
purpose machines operated under restricted. tool duplication for processing

different part mixes.

10.11.2 Experimental Set-up

This experiment is equivalent to experiment 5, section. 10.8, but considers
that machining centres are limited purpose. Thus the FMS physical
configuration is identical to the onc used in experiment 6, section 10.9.3,
figure 10.9.1.

Tool duplication is controlled by applying the tool duplication heuristic
rule, rule E, section 8.4.3.5. As previously mentioned, this rule duplicates
highly utilized tool groups used to process parts which are restricting

output of finished assembly sets.
Other aspects of experimental set-up are identical to those of experiment 3.

The MRPAS scheduling rule used in experiment 5 also used here.

Part M‘ ixes
The experiment will be carried out for the two part mixes:

-Part mix A and
-Part mix B

as described in section 10.8.3.1.



178

10.11.3 Results and Discussion
10.11.3.1 Part Mix A
EMS ; l ] fuplicati

The performance of the configured FMS operated under no tool duplication

is shown in figure 10.11.1.

It can be seen that average machine utilization is low and that output of

assembly sets is constrained by the low workpiece ratio of part type 1.

Analysis of the results in conjunction with the tool duplication heuristic

rule E indicates that the first basic tool group should be duplicated.

rf) I icati

The performance of the conﬁgufcd FMS operated with the 1st. tool group
duplicated, is compared for a number of different tooling configurations,
table 10.11.1.

The results show a considerable improvement in system performance by
simply duplicating the 1st basic tool group. This originates tooling
configuration TC2 which includes a new, the 7th tool group, identical to the

1st.

With TC2 it can be seen that machine utilization improved by an absolute
value of 0.056 corresponding to a relative increase of 8.3%. AS output did
not increase. This can be explained in two ways. First because with the basic
tooling configuration TCI1, table 10.11.1, a good level of output of sets was
already obtained, namely 4 sets. This together with the fact that three parts
of type 1, requiring a total processing time of 390 min, i.e. 6.5 hours, are
necessary for each new AS indicates that the scope for improving AS output
is small. Second, to manufacture such parts the machines cannot be
producing other parts and therefore the output of parts of other types,

required to assemble a set, is likely to decrease.

Additional searching for new configurations, without altering the level of

tool duplication, bu by applying tocl group combination heuristic rule B,
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has shown that it is possible to further improve the FMS performance. Thus
the average machine utilization had an additional increase of 0.052
corresponding to a relative increase of 7.14% in relation to the
performance of configuration TC2. Output of assembly sets was also
improved from 4 to 5. It appears we can say that a good balance of the use of

manufacturing equipment towards finished AS was obtained.

"If a comparison with the maximum possible utilization is made, it can be
concluded that practically maximum utilization was achieved wunder tooling
configurations TC4 and TCS, table 10.11.1. The maximum theoretical
utilization, imposed by both part mix and machine grouping structure, is
0.81, table 10.11.2. Therefore the normalized utilization under TC4 is

0.78
081° 0.56.

Thus there is little scope for further improvement.

Again it is seen that a better use of FMS capacity could be obtained if there
was a more balanced part mix, i.e. a part mix which created a better

balanced work load among the machine groups of the FMS.

Compared with the performance of the basic tooling cohfigura’tion ‘the
greatest improvement in the average performance values of the configured
FMS is 25% for assembly sets output, i.c an extra set relative to the initial 4,
and 16% for average machine utilization, i.e

0.78-0.672
0.672

*100 = 16%
These improvements were achieved in two ways:
1 -by restricted and controlled tool duplication,

2 -by scarching for good tooling configuration through the

application of heuristic tool combination rule B.

The two rules behaved well in establishing tooling strategies for efficient

FMS operation.
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10.11.3.2 Part Mix B

For this part mix it was shown that even under limited purposed machines
high level of FMS performance could be obtained without tool set
duplication, tables 10.9.3 and 10.9.4. Therefore the scope for improving
tooling strategy through tool duplication is small. Nevertheless, it is
important to know if under such circumstances tool duplication has some

impact,

By using the tool duplication rule, section 8.4.3.5, an attempt was made to
improve FMS performance beyond that obtained under the two most
cfficient tooling configurations namely configuration TCl14 and TC15 of
table 10.9.2 section 10.9.4.

Thus since for TC14 the lowest WPR is th:at of part types 7, 8 and 9 then only
“the basic tool group, BTG, for these parts , mamely BTG No.8, is duplicated.
The resulting tooling configuration is TC16, table 10.11.3, The application of
the sequential tool combination process, through heuristic rule B, leads to

TC17 for which FMS performance is close to that under full tool replication.

If the basis for .tool duplication- is TC15, the same BTG No.8 should be
duplicated leading to TC18 for which FMS performance is literally identical
to that obtained under TC15, i.e. the duplicated tool group was not used. The
application of the sequential tool combination heuristic rule B suggests that
the combination of the duplicated TG with the BTG No.l leading to TC19. Pant
rati;;:l:fAfge previous lowest WPR parts did in fact improve but WPR of pant
type 1 was considerably lowered. This was to some extent expected because
one of the two machines of the MGI , which was dedicated to manufacture
part type 1, would have now to share processing with parts § to 9.
Additionally, output of parts of types 6 and 7 was increased although this did

not contribute to improved AS output.

Application of the tool duplication rule to TCI15 also suggests that only the
tool sets for parts in highest demﬁﬁd. i.e. lowest WPR parts may need to be
duplicated. This originates TC20, table 10.11.3, for which FMS performance is

practically identical to that obtained under full tool replication.
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This clearly shows that when maximum FMS performance is not obtained
under minimum tooling, it is possible to closely approximate performance
to that obtained under full tool replication through controlled and
restricted tool duplication of basic tool groups or only some of their basic

tool sets,

The results show that for less flexible FMS, by duplicating particular tools
performance can be improved. This was not so clear, under part mix B when
the highly flexible FMS was used at experiment 5. It appears that
compensation for reduced flexibility of FMS machines may to some extent
be achieved through some restricted tool duplication, provided the FMS

configuration allows pooling of machines, section 6.1.3.

This may be explained by the fact that some of the flexibility in part
routing lost due to limited purposeness of the machines can be gained
through pooling machines within each machine group provided by

duplication of some tool sets.

10.11.4, Main Findings

1 - The strategy of controlled tool duplication produces similar results
when applied to both highly flexible FMS, which use multipurpose
machines, and less flexible FMS configured with limited purpose machines.
However tool duplication is likely to be more advantageous as routing

flexibility of FMS's decreases provided machine pooling is still possible.

2 - The amount of tool duplication is primarily dictated by part mix
processing requirements and it is necessary to identify ‘which tools should

be duplicated, if any, to guarantee high FMS system performance.

3 -Tools which should be duplicated to achieve high FMS performance can
be identified through the methodology used.

4 - It was also shown, that the particular heuristic choice of the tools to
- duplicate, together with heuristic tool grouping can provide a better
balanced output and improved machine utilization relative to the best

performing tooling configurations under minimum tooling, viz TC14 and
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TC15. In particular there may not be a2 need to duplicate all tool sets of a
particular basic tool group, but only some of its basic tool sets
corresponding to the parts with the lowest WPR, as TC20, first tool group,
table 10.11.1 illustrates. | ‘

5 - Due to the part mix and machine grouping structure a limit may be
imposed on FMS performance. It was found that the maximum possible
average machine utilization was 0.810, table 10.11.2, and that on average
MGII could not be utilized beyond 0.62.

6 -It can also be concluded that the restriction in FMS performance
referred to above can only be overcome by changing the part mix for the
FMS running peried in such a way that-a better balancing of work load
among the groups of machines can be achieved. This conclusion points to
the possibility of increasing machining capacity in the most utilized
machine group which may have the effect of pulling up utilization of
under utilized machines of other groups increasing therefore average
machine utilizationr and also AS output. Such a proposal would need to be

tested by experimentation.

10.12 RELATIONSHIP BETWEEN ASSEMBLY SET BATCH SIZE, TOOLS AND
PALLETS-EXPERIMENT 9
10.12.2 Objective

To investigate the effect of assembly set batch size and numbers of pallets on
system performance in a multipurpose machine FMS, operated under

different tooling configurations and different scheduling rules.

10.12.2 Introduction

FMS systems in general, and those for prismatic parts manufacture in
particular, are suitable for assembly set production, ASP, section 4.1, and it is
pertinent to ask what should be the adequate Assembly Set Batch Size, ASBS, to
adopt. ASBS is defined as the number of identical assembly sets which would

be released together, with the same priority, into the FMS. This simulation
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study is set-up to investigate the influence of ASBS on FMS performance

measures,

Pallet availability will also affect FMS performance. This part of the work also

includes an investigation aimed at assessing their effects.

Since there are likely to be variations in performance related to the
scheduling rule adopted, this experiment incorporates both the FCFS and the
MRPAS rules.

10.12.3 Experimental Set-up

The FMS system configuration is identical to the one used in the
experiment 1, i.e. multipurpose machines. The experimentation here
carried out will however consider three different tooling configurations,
table 10.12.1, namely thc- basic tooling configuration TC1, full tool
replication TC3, and a tooling configuration TC2, under no set tool
duplication which previously had been shown to perform well, i.c. number

fourteen of table 10.4.3.

In this experiment the ASBS was varied between 1 and 12 in steps of 1 and
the number of identical sets of fixtured pallets between 1 and 4 in steps of
l.

The FCFS rule is used at the first stage and the MRPAS rule at the second
stage of the study.

Since 12 ASBS levels will be considered for 3 tooling configurations under
- 4 different sets of fixtured pallets a total of 12 x 3 x 4, namely 144 computer
simulation runs will be carried out for the first phase analysis of the

experiment under the FCFS rule.

At the second phase, based on the previous runs only a further half of this
total will be run under the MRPAS rule.
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10.12.4 Results and Discussion-1st Phase-Use of FCFS Scheduling
Rule Only

- - v __ e - »
-

Figure 10.12.1. shows that under the basic tooling configuration, TC1, there
is an upwards trend in machine utilization for all pallet levels used. For
tooling configuration TC2 the behaviour of machine utilization is
somewhat - different. Although with a single set of pallets utilization
increases slightly with ASBS, it is practically constant fdr two and three set
of pallets and exhibits the opposite behaviour for the maximum number of

sets of pallets considered.

A possible explanation for this behaviour is the small size of the central
storc for palletised work, namely thirteen pallet places, section 10.2.2,
combined with the control strategies at the palletising stations, chapter 9.
Thus a situation is likely to occur in which, for a considerable part of the
manufacturing period, many identical parts become available for
processing, which may require tool; only available on particular
machines. These become bottlenecks, while-othcr machines may be
waiting for work which, although available cannot be loaded into the
central store area from where it can be fed into the system due to storage

space limitations,

This is also likely to happen duc to the simultancous influence of high
ASBS and high number. of identical pallets available contributing to an
excessive number of identical parts in the system requiring the service of
tools available on certain machines only. The situation does not occur with
the basic tooling configuration, TCl because higher flexibility of part
routing to machines is provided due to the availability of a much larger
number of tool groups, namely eight, as compared to only four tool groups
for the tooling configuration TC2, for the same total number of tools
available. Thus, under the basic tooling configuration, for each four tool
groups loaded into the four machining centres a further four tool groups
are available under the basic tooling configuration while none is available
under tooling configuration TC2, which is made up of only as many tool

groups as there are available machining centres.
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The results, figure 10.12.2, show that if maximum tooling facilities are
available, namely full tool replication at —machines, than machine
utilization increases for the single set of pallets case. However, for two or

more pallet sets the utilization is high and practically constant at 0.96.

Moreover, as ASBS increases throughput time also increases, figure 10.12.4,

Thus best operating conditions would be obtained under low batch size.

The influence of the number of pallets

For the tooling configurations studied there is a considerably lower
utilization with the single set of fixtured pallets than with the other pallet
levels figures 10.12.1. and 10.12.2. However, increasing the number of sets
of pallets beyond two does not cause any significant change in machine
utilization except for large ASBS and four sets of fixtured pallets with
tooling configuration TC2, .

For full tool replication and to a lesser extent for tool configuration TC2,
figures 10.12.3 and 10.12.4, the number of pallets has little effect on
throughput time for low assembly set batch sizes, ASBS. As ASBS increases
the assembly set throughput time index, ASTTI, tends to increase. This
tendency is also observed as the number of pallet sets increase. For some of
the highest ASBS's, no assembly sets are finished within the
manufacturing period, i.e. ASTT! becomes very large. In these cases ASTTI
could not be calculated and this corresponds to the missing points in the

figures.

For the case of the basic tooling configuration, figure 10.12.3, the ASTTI
behaviour is different. It is almost identical for the whole ASBS range
when two or more sets of fixtured pallets are used but it is considerably
higher for the single set of pallets case. Moreover for an ASBS of four,
there is a tendency for a lower value of ASTTI than for an ASBS of three
which is particularly apparent for the one set of pallets case. This

behaviour is likely to be related to the fact that four multipurpose
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machining stations are used in conjunction with numbers of pallets
available which are multiples of four. This result although apparently
logical was not envisaged. This shows that in FMS it is difficult to predict
and fully understand the many important dynamic and complex

interrelationships between the parameters involved.

Work in progress is plotted in figures 10.12.5 and 10.12,6 and, as it could be

expected its behaviour is similar to the behaviour of the ASSTI

The results further reinforce the previous conclusion of best operating

conditions for low baich sizes.

The eoff f Tooling Configuration Desi nd_Tool Restriction
Analysed in relation to ASBS and pallet levels it can be seen, figures
10.12.7, that under the basic tooling configuration machine utilization is
generally low when compared to that which can be obtained with the same
tooling resources under tooling configuration TC2. The differences are
large for the whole ASBS range where a single set of fixtured pallets is
used, figure 10.12.7 a). Above this number of pallets the differences are
larger for lower batch sizes, figure 10.12.7 b), c), and d). For the 4 pallets
case, TC2 behaves differently at the upper range of ASBS with average
machine utilization decreasing as ASBS increases. The reasons given

carlier relative to figure 10.12,1 explain this behaviour.

With exception of the 4 pallets case machine utilization values obtained
under tooling configuration TC2 closely compare with those obtained
under no tool restrictions, TC3, for most of the range of ASBS and pallet
levels, figure 10.12.7. Thus it can be said that as long as good tooling
configurations are designed under minimum number of tools then tool
restrictions may not be a significant constraintt,‘\J FMS performance.
However if bad tooling configurations- are used than considerable FMS

efficiency can be lost.
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10.12.4.1. Main Findings - Ist Phase (General Analysis)

1 - No particular optimum ASBS was found for machine utilization.
However ASBS of one can provide both good utilization and the lowest

assembly set flow time. In this sense it can be considered optimum.

2 - The influence of the number of sets of fixtured pallets available in the
system is only visible up to a particular level after which no clear

improvement in FMS utilization can be expected.

3 - This level can be determined through the use of the simulation model.
For the configured FMS two sets of pallets, accounting for a total of sixteen
pallets are sufficient for achieving practically the best performance
under all of the varying tooling strategies investigated. Therefore this

could be considered the optimum number of pallet sets.-

4 . Although machine utilization is in general best for the situation under
full tool replication, good utilization is also obtained under the other two
tested configurations which do not inciude tool duplication, figures 10.12.1
and 10.12,2

10.12.4.2, Analysis of Production Synchronization Ratio

Production Synchromization Ratio (SR) is the relationship between the
number of assembly sets which are actually finished during the FMS
running period and the number which could theoretically be obtained on
the basis of the level of machine utilization and the machining
requirements per assembly set, section 10.1. A graphical representation of

the SR for each of the pallet levels, is shown in figure 10.12.8.

By comparing the four graphs, a) to d), ie. from 1 set to 4 sets of fixtured
pallets it can be seen that in general the value of the SR ratio increases at
high ASBS values for tooling configuration TCl. With the other tooling
configurations, in particular TC3, the converse is true, i.e. at high ASBS the
SR decreases as the number of pallets increases. This shows that in general
with the basic tooling configuration, TC1, increasing the number of pallets
causes the SR to improve as ASBS increases. The opposite tends to happen
with the other tooling configurations, i.e. increasing the number of

pallets causes the SR to worsen as ASBS increases.
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In general a single set of fixtured pallets would be sufficient to operate the
FMS under all tooling configurations tested dependent upon the ASBS
value. Under TC1 ASBS's of 5 and below should be used. For these ASBS

levels the other tooling configurations also perform well,

However to achieve both good SR and machine utilization, figure 10.12.7,
for reduced investment on pallets and fixtures then two sets of fixtured
pallets would be recommended for all tooling configurations within that

low ASBS range.

There is also what may be seen as a cut-off ASBS for most of the situations,
figure 10.12.8, associated with the fact that the SR ratio become zero at that
ASBS and above. This means that during the FMS rumning period of three
eight hours shifts no assembly set was completely finished. In other words,
the assembly set throughput time is becoming particularly Iong. This
situation is a consequence of the likely routing of too many identical parts
in sequence instead of the routing of a good part type diversity as required
for high SR. '

Uﬁdcr the basic tooling configuration this behaviour is likely to be
reinforced by the controlling mechanism to save tooling set-ups at the
machines. In the other cases this is more likely to happen only because too
many identical pallets are available, This is particularly evident for the
full tool replication case, which allows simultancous processing of

identical parts in different machines, figures 10.12.8 ¢} and d).

10.12.4.3. Main Conclusions

1 - Good SR and machine utilization can be obtained at low ASBS values, say
between 1 and 5, for all the tooling configurations simulated. This
performance can be achieved for a low number of pallets, in this case two

identical sets of pallets, i.e. a total of sixteen pallets.

2 - Therec is a number of pallet sets above which, for the same tooling
configuration, utilization does not improve significantly. Under minimum
tooling it can worsen as it is shown for TC2, figure 12.1. In this series of

experiments this number of pallet sets is two. For the fuil tool replication
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case, utilization is practically constant not only for a number of pallet sets

larger than one, figure 10.12.2, but also for most of the range of ASBS.

3 - To keep machine utilization high a single set of pallets is not enough.
Under this condition utilization is low when compared with the cases of

moderate or high number of available pallets, figures 10.12.1 and 10.12.2.

4 - In general low ASBS provides both reasonably high SR, low ASTTI, low
WIP and high FMS utilization, figures 10.12.4 to 10.12.8. This is particularly

so when the non basic tooling configurations are used.

10.12.5 Results and Discussion « 2nd Phase - Relative Behaviour
of the FCFS and MRPAS Scheduling Rules

From figure 10.129 it can be seen that the MRPAS scheduling rule does
give a high production synchronization ratio under the basic tooling
configuration and for a single set of fixtured pallets at practically all
levels of ASBS. Under identical conditions, the FCFS rule has a cut-off

assembly set batch size of 8 at which the SR falls to zero.

The results show that the MRPAS rule behaves as was intended, if.e. it

achieves high output of completed assembly sets.

However, when three sets of fixtured pallets are available, the advantages
of the rule as compared to FCFS are only apparent in the region of
relatively small ASBS, figure 10.12.10. At higher values of ASBS the
performance of the two rules are identical. Thus the number of sets of
identically fixtured pallets does greatly affect the flow of work through

the system.

These results highlight the complex nature of the design and operation of
FMS's, in panicular the interactions between resources and operating
rules. Work flow is determined by the available options of assigning pallets
to machines and these options are related to the number of pallets
available and the assembly set batch size. For instance, when a low number
of fixtured pallets is used, the parts belonging to highest priority assembly

sets based on the MRPAS rule are clamped first and processed on the
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machines. Only when processing finishes can parts of other sets of the
same type be palletised because only then do the pallets become available.
At this stage the MRPAS rule once again chooses the parts belonging to the
highest priority sets which will mean that it is necessary to refixture the
semifinished part which has just been unclamped either in the same
fixtured pallet but in a different location or in a another available fixtured
pallet, if this is required, and reroute it to a machine before any other

part, even of an assembly set with the same initial priority.

However, when a larger number of identically fixtured pallets is available
they will be routed, with parts clamped on them, in succession to the
machines. When a pallet with semifinished parts is unloaded from a
machine these parts do not take priority over parts already loaded onto the
machine buffer, even though they beloné to the highest priority set and
have reached the state of processing second operations. This
manufacturing control procedure is not designed to do that, i.e., to unload
pallets already loaded at machines or on machine buffers or make the
machine wait for part reclamping before the parts on the next, and most
possibly identical pallet, already loaded onto  the machine or buffer, are
machined. Therefore with the larger number of identically fixtured
pallets, it is very unlikely that a semifinished part is reassigned and

reloaded to a machine before any other part.

This mechanism tends to increase the flow time of assembly sets and
therefore the number of sets which can be completely finished within the
planned manufacturing period of three ecight hour shifts is affected. This
. seems to explain why under a single set of fixtured pallets the MRPAS rnule
produces a high synchronization ratio and with more sets, for instance

three, it does not,

The fact that for three -sets of fixtured pallets the MRPAS rule does show an
improved production synchronization ratio relative to the FCFS rule but
only at very low ASBS can be similarly explained. Thus, when ASBS is
small, particularly of size one, there will not be many parts of different

assembly sets clamped ready to be loaded in succession to machines and
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hence the MRPAS rule plays again a stronger role in determining the

work flow within the system.

Although the tendency for improved SR by using the MRPAS, rule rather
then the FCFS, is also noticeable under other tooling configurations,
figures 10.12.12 to 10.12.14, the differences are less striking than under the
basic tooling configuration. For the case of tooling configuration TC2 and a
single set of fixtures, the SR under the two rules are identical, figure
10.12.11. This may because only one tool group is available for each
machine and no alternative part routing is possible, Since tool set
duplication is not available then the tooling conﬁgﬁration TC2 constraints
the flow of work through the system and therefore scheduling rules play a

less important role.

These results show that the impact of the MRPAS rule is highly dependent
on the tooling configuration adopted and the available pailets. Tooling
configuration and pallet levels constrain the scheduling of work,

affecting this the scope of action of the scheduling rules.

Interaction between resources and scheduling rules is very marked which
again emphasizes the complex nature of FMS system operation and shows
the difficulty of predicting system performance for different operational

set-ups of FMS's without experimentation.

10.12.5.1 Main Findings - Behaviour of FCFS and MRPAS Scheduling

Rules

1 -« Scheduling rule MRPAS exhibits an overall beiter behaviour in
achieving good output of finished assembly sets during the FMS running
period than does the FCFS rule. This is particularly noticeable with a low

number of fixtured pallets and the basic tooling configuration.

2 - The design of the tooling configuration used considerably constraints
the influence of those scheduling rules on system output by determining

to a great extent, the work flow pattern within the system.
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3 - For a low number of pallets the flow is predominantly controlled by the
scheduling rules and tooling configuration but for a high number of

pailets the influence of scheduling rules is smaller.

4 - The behaviour of the production synchronization ratio indicates the

complex nature of the design of a FMS and its operating rules
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CHAPTER 11 - CONCLUSIONS
11.1 GENERAL ASPECTS

The work reported in this thesis provides a system for aiding FMS design
and operation in the form of an FMS detailed simulation model, chapter 9,
used in conjunction with a set of heuristic rules for tooling configuration
design, chapter 7. The study has explored the influence of the level of tool
replication, the influence of different tooling configurations and the

number of fixtured pallets on the performance of FMS.

One major finding of the study was that tooling configuration greatly

influences FMS performance.
Two situations can be distinguished:

i) - that in which a minimum number of tools is available to process

the part mix and
ii) - that in which tool replication is allowed.

In both cases a need exists for finding the best way of combining tools to
load into the machines, i.e. to establish a toeling configuration to

manufacture a part mix,

In the first case the main aim is to combine the tools which are required to
process the part operations in a way which permits high FMS

performance.

The second case creates a need for weighting the production benefits of

using replication of tools against the costs of such a measure.

In the work, for differently configured FMS, it was found that tooling
configurations could be developed without replication of tools for which

high levels of system performance could be obtained.

The method devised to solve the tooling problem in FMS's can provide good
solutions for minimizing tooling. The method also allows the pin pointing
of particular sets of tools which should be duplicated and indicates

alternatives of combination of the tools to constitute tool magazine loads.
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In many cases duplicated tooling is only necessary in a given FMS
manufacturing planned period due to the imbalance of processing
requirements. Good part mixes are those which provide a high diversity of
part routing, i.e. high diversity of processing requirements. A corollary of
this is that split part batch sizes should be avoided because this is likely to
create the need for simultaneous processing of identical parts in different
machines and therefore tool duplication would be necessary. An additional
consequence would be the unnecessarily high number of identically

fixtured pallets.

To initially estimate the required number of tools and pallets to operate an
FMS an analytical method was developed. Although this method provides a
good starting point, the number of tools required is dependent on the
dynamic behaviour of FMS operation which is not taken in account in the
analytical model. For this reason computer simulation needs to be used to

accurately determine the quantity of each type of these resources.

11.2 DETAILED CONCLUSIONS

The main conclusions from the work can be summarized as:

1 - The simulation model and strategies for FMS operation and design
presented in this work were used to determine levels of fixtured pallets
and tools, for which the performance of the modelled FMS

configurations was good.

2 - The Ungrouping-Regrouping tool combination heuristic rule was
shown to produce tooling configurations with which performance was
the highest in all the situations studied, Therefore this heuristic rule
should be adopted in designing tooling configurations under which FMS
should be operated. The rule sould be applied to good tooling
configurations developed initially by applying the tool grouping
heuristics B, i.e. the lowest to highest parts ratio rule, to the basic

tooling configuration.

This procedure is recommended not only when the work flow flexibility

within an FMS is high due to the multipurposeness of machines but also
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when this flexibility is reduced due to the limited purposeness of the
machines in the FMS, sections 10.4.2.5 and 10.9.4.4.

3 - The possibility cannot be ruled out of there existing tooling
configurations under minimum tooling which may provide FMS

performance as good as with the full tool replication case.

This was particularly true for a tooling efficiency analysis under a
highly flexible FMS, section 10.7.5, although for a less flexible FMS very
high performance was also obtained for the same part mix referred to in

section 10.2.

4 - High routing diversity provided through systematic tool duplication
in various machines of an FMS can be efficient for achieving high FMS

performance but may be unnecessary.

This conclusion is based on the fact that high system performance was
obtained, for different FMS configurations and different part mixes with

none and only some limited and controlled tool duplication.

5 - An analytical method, section 6.2, was developed for determining the

number of tools to operate an FMS.

This analysis c¢an be used 1o establish the minimum number of tools

referred to in 3 above

6 - The results of applying the analytical method, section 6.3, suggested
that a single set of pallets could be used to operate the FMS. However,
FMS simulation showed that although good throughput time was
obtained under such circumstances, it was generally better to use two

instead of only one set of fixtured pailets.

7 - FMS's can cfficiently manufacture Assembly Sets, AS. It was shown,
section 10.12.4.1, that an Assembly Set Batch Size, ASBS, of one can lead to
high system performance. In general good synchronization of
production towards part needs for assembly and good machine
utilization were obtained provided ASBS was not high, i. e., larger than 5.

But as ASBS increases there is the disadvantage of baving larger
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quantities of work in progress and the likelihood of higher throughput
time of AS.

8 - A scheduling rule called MRPAS wés designed and shown to perform
well in achieving the objective of low assembly set throughput time and
high FMS utilization. The FMS performance under MRPAS was in
general considerably better than that under the FCFS scheduling rule.

9 - In general the best Production Synchronization Ratio, SR, section
10.1, was obtained using the MRPAS scheduling rule. However the
influence of this rule decreases as the number of identically fixtured

pallets increases.

10 - It was also shown that the tooling configuration greatly influences
the work flow péttcm through the system and that it can considerably

restrict the influence of scheduling rules on system - output.

11 - For a low number of pallets the work flow is predominantly
controlled by scheduling rules and tooling configuration but for a high
number of identically fixtured pallets, the influence of scheduling rules

is smaller.

12 - Increasing the number of pallets beyond two sets does not improve
FMS performance significantly. In some cases, i.e. for ASBS, larger than
§, it may worsen performance. Also increases in job throughput time

and w.i.p. occur.

These conclusions clearly show that there are many interrelationships
between FMS configuration e¢lements and operating strategies which can
influence the performance of the system. In particular large performance
variations were observed by varying the number and type of
manufacturing aids such as tools and ﬁxt_ured pallets. As might be expected,
some of the results obtained were not intuitive. In particular, operating an

FMS under minimum tooling can be efficient.

This performance behaviour complexity of FMS suggests that aids such as
those developed in this work should be used to evaluate the operating

efficiency of FMS under varying manufacturing situations. This is essential
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to prepare a good system sect-up and also for establishing good control

strategies for efficient FMS operation.

11.3 GENERAL GUIDELINES

Within the experimental framework of the FMS configurations used in this

work and production of AS's, general rules for operating these systems are:
1 - Operate the FMS with minimum tooling.
2 - Operate the FMS with the minimum number of pallets
3 - Use the minimum Assembly Set Batch Size, i.e. 1.

When operating the FMS under these conditions high system
. performance was achieved from the model. These conditions also have
the additional advantage of minimum capital cost of investment in tools,

fixtures and pallets.

However this requires both good system control and the use of good

tooling configurations. Thus:
4 - A scheduling rule such as MRPAS should be used,

5 - Tool groups should be defined on the basis of applying the "Lowest to
Highest Parts Ratio" tool heuristic combination rule B and then the

"Ungrouping Regrouping” rule D.

6 - The heuristic Tool Duplication rule E should be used for controlled
and restricted duplication of some tools when this is required due to the
imbalance of processing requirements of the part mix to be

manufactured.

11. 4 FURTHER WORK

The process adopted in this work for establishing good tooling

configurations for FMS operation requires the evaluation of the results at
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each successive simulation run. However, this evaluation is performed
through human interaction which at each successive simulation run applies

a heuristic rule for obtaining the tooling configuration.

This cycle, user-simulation-user, can be avoided by integrating the
simulation mode! with a software package which can deal automatically with
the gencration of good tooling configurations to manufacture a part mix.
Anificial Intelligence techniques offer the possibility of producing such a

package.

The package could also include automatic procedures for investigating other
factors such as work load level, pallets and fixtures, scheduling rules and

FMS physical configurations

General Aspects

This research work studied the FMS performance of two FMS configurations
and two different part mixes with a maximum of nine different parts. To
assess the generality of the conclusions and particularly the system
operation and design guidelines, further work is required using altermative
operating set-ups with different part spectrums, different part mixes and

larger variety of FMS structures.

In this work a number of different parts usually are palletised together in
the same pallet. Under this approach, for the scheduling rules studied and
particularly for the MRPAS rule, high FMS performance was obtained.
Situations need to be investigated with alternative palletising approaches,

e.g. one part per pallet and many identical parts per pallet.

In any future research, advantage should be taken of the newer simulation
languages and systems which are available and which to a great extent
overcome the limitations inherent in the simulation language used in this

research,

h
Effects of limited tool life have not been considered in this work. Wilst this
is not expected to invalidate the overall conclusions, in order to determine

the total amount of tooling within FMS, tool life aspects need to be
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introduced. Tool refurbishment and replacement are also important
aspects which will affect the total tooling requirements and also the
op.crating strategies of such systems. Interactions between these aspects
and the system design and operating parameters already investigated need

to be examined.
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GLOSSARY

Assembly Set, AS - is a set of parts to couiplctely assemble one or more

product units.

Assembly Set Batch Size, ASBS - is the number of Assembly Sets
released together into the FMS.

Assembly Set Production, ASP -is a form of manufacturing where

production in carried out in Assembly Sets.

Assembly Set Throughput Time Index, ASTTI- is a normalized measure
of throughput time given by:

Average set throughput time
ASTTL = Machining time per AS

Assembly Sets Output, ASO - is the number of Assembly Sets manufactured
during the FMS rmnning period.

Basic Tool Group, BTG - are the tools required to process ail of the

operations of parts loaded onto a pallet in a single set-up.

Basic Tool Set, BTS - is a set of tools required to process a particular part

operation

Basic Tooling Configuration, BTC - is the minimum number of basic

tool groups necessary for processing a given part mix.

Degree of Balance of an FMS, UT - is defined as the average theoretical
maximum possible machine utilization of an FMS determined by (see Table
10.9.3):

g: misUi
UT= i=1
§ mi
i=1
Where:
Ui - is the maximum possible utilization of machine group

mi - is the number of machines in the machine group i

g - is the number of machine groups in the FMS
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Fixtured pallet - is a pallet provided with fixtures for part clamping.
Job throughput time - is the average throughput time of Assembly Sets.

Limited purpose machine - is a machine tooi or machining centre

capable of performing only some of the operations in a part mix.

Machine Group, MG - is defined as a group of machines similar enough
to process the same set of operations provided they are loaded with

appropriate toois.

MRPAS -is a scheduling rule which schedules work on the basis of the
number of parts still unfinished belonging to an Assembly Set, Assembly
Sets.

Multipurpose machine - is a very versatile machine, e.g. a machining

centre, capable of performing any part operation in a part mix.

Part operation - is an operation to be carried out on a part or workpiece,
in a single set up of a pallet at a machine and consists of a number of
elemental machining operations cach of which requires a single tool to be

performed.

Parts Ratio, WPR - is defined as:

Number of finished parts of type i
Number of requ:red parts of type i per Assembly Set

WPRi =

Pool of machines, PM - is a group of machines such that any machine
within the group can actually be a real time part-routing alternative to a
number of identical part operations which need to be processed

simultancously.

Subtooling Configuration, STC - is a partition of the available tool
groups which are used to process the part operations associated with a
specific machine group. The tools in a STC can only be allocated to the

machines of a specific machine group.
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Synchronization Ratio, SR - is a normalized measure of Assembly Sets
Output given by ' '

SR = Actual ASO in a manufacturing period
= Theoretical maximum ASO possible to finish in the period

Tooling Configuration, TC -is the total set of tool groups which are to

be loaded into the machines
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Bibl. source: (10}

Bibl. source (86)

Fig.2.3

Examples of Flexible Manufacturing Cells for
Prismatic parts




a)

Bibl, source: (24)

b)

Bibl. source: (119)

b) Application of a Head indexer;

changers: a) Head Indexer;
c) Use of Tool head changers in a FMS.

| Application examples of tool head indexers and too! head

Fig.2.4
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| Automatic replacement at the tool magazine of a machine of
Fig.2.5 tool kits taken to the machine by an automated transport

vehicle. Bilbl. source: Hartley (47)

LEVELS OF DECISION MAKING FOR FMS'S

TIME HORIZONIMANAGEMENT LEVEL] TYPICAL TASKS TYPICAL DSS SW USED | HARWARE USED

-Part selection SW

-Part mix changes -Main frame
Long term Upper -Queueing models or DSS computer
«System modifica-
tion/expansion -Simulation

-Divide production
into baiches
-Batch and balancing
-Maximize Machine programs -D.5.5. computer
Medium term FMS line. Utilization : or FMS computer]
supervisor -Simulation
-Respond 1o distur-
bances in production
planning/material
available.

-Work order schedu-
ling and dispatching]|-Work order dispatching

Programs |
-Tool management -FMS computer
Short term Supervisor -Operation and tool
(exceptions ornly) -Monitoring and realocation programs
Diagnostics
+Simulation
-Reaction to system
failures
Legend: DSS - Decision Support Systems
FMS$'s - Flexible Manufacturing Systems
Fig. 2.6 Production Control tasks and tools for FMS's

Bilble. source: (17)
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A)

B) -
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Fig. 2.7

Control Hierarchy in the
A) - Automated Manufacturing Research Facility, AMRF and

B) - Advanced Factory Management System, AFMS

Bibl. scurce: (82)
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1 View from above
of part of u model of
the Svstem 24 installa-
tion now being laid
down ar the Deptford
works of the Moling
Machine Co., Ltd, In
the foreground are the
work=setting  srations,
with the storage rack for
pallets, and the associ-
ared  Molacs, beyond.
Ar the rear may be
seen some of the mulii-
axis n.c, machiie tools
and loading units for

pg!lets and tool magu-
2ines

Fig. 3.1 The Molins 24 FMS system
Bilbl. Source (137)
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Bibl.source: (67)

Werkstiick- und Werkzeugwechsler

Fig. 5.2

Flexible Manufacturing Tuming Cell with local storage on
static stands for keeping pallets of parts and tools which are
accessible by an overhead IR moving in an horizontal plan
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Fig.5.3

Schematic representation of a typical FMS configured
with part/pallet storage on static stands
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Source: Werntze
(Ind.&Prod Eng.4.82)

Fig. 5.5

Normrotational parts automatically clamped into
fixtured pallets at the machining area with the aid
of indudtrial robots,
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' 9 + .
. e e ®
Cranes and monorails
P MAN
4 | t 10 ﬁ
Stacker cranes or stacker
manipulators
1 1 ji |
OTHER
3 11
}
Fig. 5.9 Basic tool transport and handling elements

for FMS Tool Flow Systems




{ MANUAL TOOL

CHANGE AT "\
hs%g)g.uz? ‘v’dﬁ ézzr
2 ,,\‘ 8 <>
TR ok | T R S

BUFFER

LOCALTOCL STORAGE
WITH BUFFER
SEPARATED INTEGRATED

BUFFER

AUTOMATIC TOOL CHANGE

INTEGRATED CENTRAL TOOL STORAGE

WITH LOCAL BUFFER

Fig.5.10

Tooling System Configurations for FMS
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LEGEND :

Machining centre with
attached tool magazine

- Unreplaceable

Lr_r-r_r;] tool magazine

Central tool store for
tool by tool reeplacement

Multimagazine tool buffers

Machining centre with
m— replaceable tool magazine

" Replaceable

l:? tool magazine

Central store for
replaceable tool
tt magazines
Manipulating entity
Fig.5.10 (cont.) Legend of the symbols used in the

figure
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a2

Tools Routing
used Flexibility
T None
T None
T None
e e
T Good

b)

Legend:
a) - Single purpose machines/Multi-stage Systems
b) - Multiple purpose machines/Single Stage Systems
T - Minimum number of tools to process a part mix

- Tool Central Store

Fig.5.11

The use of a central store for direct tool change into
the spindle of the machines works best for Single
Stage Systems.
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CONTROL SYSTEM

e &

MATERIAL FLOW STRUCTURE @

MACHINING CONCEPT
AVAILABLE
MANUFACTURING AIDS AL TERNATIVES
FUNCTIONS TOOLS T TURES.
- PROCESSING Type
- TRANSPORT _D - PALLETS Principle
- HANDLING B - FIXTURING SYSTEM
- STORAGE THER - PALLETS:
. AUXILIARS -0 <-- Types
= Principle
e ’
WORKPIECE DATA - TOOLS:
- GEOMETRICAL i Types
- TECHNICAL TYPES Materiat
- ORGANIZATIONAL ]> - QUANTITIES Shepe
- OTHER "
»

FIND ALTERNATIVE SOLUTIONS

EVALUATE ALTERNAT. SOLUTIONS

ALTERNATIVE
SOLUTIONS ACCEPTA

BLE

CHOOSE BEST ALTERNATIVE

Fig. 6.1

Planning Manufacturing Aids
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No palletisation

OTHER

Single position - Single Singie position-Single stage

face palletisation 5
1 1
e o i
X o % Maultiple position -
Multiple position - Single o .
g face palletisation = Single stage
a2 —_l [ o
5 22707 % 77277773
Single position - Multiple ‘ Single position-Multiple stage
face palletisation ES
Z 17
3
Ef /:]
VTP ITITINE
Muitiple position - Multiple Multiple position-Multiple stage

face palletisation

| 8%%

Pailet Workpiece

Fig. 6.2 Basic workpiece palletising solutions




NUMBER OF TOOLS PER TOOL TYPE

MACHINES
PLANNING PERIOD AVAILABLE :
FOR TOOLING
-TYPE
Ex. 1 DAY (1440 MIN) ELlAC” B”CI
PARTS TOBE
LOADED:
-TYPE
-BATCH SIZE
-NO. BATCHES
C 1440- 2880
MANUFACTURING LOADING
PLAN-TOTAL PROC.REQUIR.
.FMS STUCTURE TOOL V
Proc,  Time -TOOL FLOW )
A 800 SYSTEM STRUCTURE -TYPE
B 1200 -OPERATIVE - TOOL LIFE
STRATEGIES 00
C 2040
T < 3*1440=4320 l
#7 u
TOOLING REQUIREMIENTS:

Fig. 6.3

Tool requirements for a manufacturing
planned period with tooling autonomy




245

TOOL CYCLETIME

SET-UP WAIT/STORE TRANSPORT PROCESSING

MT1 MT2

',a)

= OBTAIN NEW

SINGLE TOOL CYCLE

LEGEND :
o . Operations
CD - Transport/handling
2\ - Storage/wait
MTi - Machine tool i

a) - Schematic representation of the tool cycle time
Fig. 6.4 ina FM$
b) - Multiple activity cycle diagram for a single tool
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PALLET CYCLE TIME

WAIT/STORE

SET-UP TRANSP/HANDL.

PROCESSING

ST1 ST2

IDLE

I D L E

SINGLE PALLET/FIXTURE FLOW CYCLE

LEGEND:

O, . operations

:D - Transport/handling
2\ - Storagefwait
WSTi - Workstation i

a)

| wsT1
S WST2

pallet station

pallet carrier

Fig. 6.5

inaFMS

ﬁ) - Schematic representation of the pallet cycle time

b) - Multiple activity cycle diagram for a single pallet
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Gt
120000 T
t 100000 T
t G = EG
t
n=1
1 1
80000 1
2 2
3 5
4 15
60000
5 52
6 203
7 877
8 4140 40000 1
9 21147
10 114589
11 667481 20000 1
¢
t . e g g & ¢
G - Number of tooling configurations 0 MR
n withntool groups formed fromt ¢ 1 2 3 4 5 6 7 8
basic tool sets '

Fig. 8.1

Growth of the number of different tooling configurations, Gt
as a function of the number of different basic tool sets, t, or
corresponding part-operations in the part-mix
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INITTALIZATION:

no - total number of Basic Tool Groups, BTG

mik - Number of machines in the kth Machine Group MG

Pk - number of tool groups for first operations to
be processed in the kth MG

£ - number of available MGs,

nk - number of tool groups to use in the kth MG.

k - generic indece for the kth MG.

STCk - subtooling configuration for the kth MG

€ - means ; "belongs to"”

2 - means: "includes”

TQUik - Utilization of tool group TGik

- 0

<> )

Selection of the least utilized to ol group,
LUTG, TGik in the woling configur ation

nk > mk N
?
Y

TGk > Tools for
1st operations

Selection of the next LUTG
TGjk

TGk e STCk N
?
Y

Fig.8.2 Flow diagram for Tool Grouping Heuristic Rule A
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TGjkD Tools for

lstoperathrxs/ ' A+l
?
_ N /A>l

N More TGs in
the STCk

b Y

Selection of the
next LUTG, TGkk

TGkk o Tools for

1st operations
?

- TGjk = TGkk

Combination of tool
groups TGik and TGjk

|

n-1

®

Fig. 8.2 (cont.) Flow diagram for Tool Grouping Heuristic Rule A
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INITTIALIZATION:

no - total nember of Basic Tool Groups, BTG

mk - Number of machines in the kth machine group MG

Pk - namber of 100l groups for first operations to

be processed in the kth MG

g - number of available MGs.

nk - number of tool groups to nsemthehhMG

k - generic indece for the kth MG.

STCKk - subtooling configuration for the kth MG -

€~ means ; "belongs to”

=+ means: "includes®

TGUik - Utilization of tool group TGik

SUM, SUM1 - minimum sums of utlizations of two
chosen tool groups

L

A=0 ; §=2; S1=2 |

Selection of the lowest WPR. tool g roup,
LWPRTG, TGik in the STCk

N

TGik > Tools for
1st operations
7

>

Selection of the highest WPR
Tool Group HWPRTG, TGk

Fig. 8.3

Flow diagram for Tool Grouping Heuristic Rule B
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Fig. 8.3 (cont.)

Flow diagram for Tool Grouping Heuristic Rule B
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T HORM AR CARRETS LiMITED 7 MANDELLI FMS
/!-nnuv ool m\
#.—-Y«I d\mﬂ-—c@
e L s ] [E] B

KTM FLEXT ACTURING SYSTIM '
BLE MANTF IS INSTALLATION AT ANDERSON STRATHCLYDE

poe Compurer

cl a e Uvesmedmaten Sl
%9 %Q DO0E @D D
o - = g r=nr=n]rmfomofgenfomn
e 000000 a0 0 0=
"ﬁ‘f:‘cﬁﬁ?:‘cmm"‘"‘tl_nﬁﬁ'c_'

SMALL PARTS MANUFACTURE ¥MS, BRITISH AEROSPACT PRESTON YAMAZAKTI FMS LINE A

Store of finished comps.
and raw material

/ .l . More J
Store of palletited work =
I I and tools | @ @ @ ﬁ ﬁ
I = ' =
B Eﬂ% Store of cutters = [ s e
0008 el Coad o oo AGv
' Loag Aunshacy pailat tore

= @L“

ok

Bibl.source: (33)

Some typical FMS which can be studied with the
Fig.9.4.1 developed simulation model.
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Pailet with
rotational parts

Automatic
Workplece store  [I[T {41+

a

Workpiace Inspaction

Bib).source: (146)

Fig. 9.4.1 (cont.)

Some typical FMS which can be studied with the
developed simulation model.

£€8T
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CASE EXAMPLE DESCRIPTION
Pallet pagc:gfymg Parts stand Part on pallet Par/blank
Single part on Unload finished
pallet part
1 Single part Load single
operation blank
Multiple identi- - Unload all
cal parts on finished parts
Ppallet
Load a new
2 Single part set of iden-
operation tical blanks
Multiple diffe- Unload all
retit parts finished parts
on pallet
3 Load new sets
Single part of different
operation blanks
Unload finished
Multiple diffe- parts
rent parts on .
pallet Transfer semi-
4 -processed parts
Multiple part
operations Load new sets
of different
blanks

Legend:

O Unprocessed part
Semi-processed part
@ Processed part

Fig. 9.4.2

Typical examples of palletising stations and tasks
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Part-pailet repiacement
Tool replacement approaches approaches
Tool s¢t replacement on a wol by Direct replacement of part-
tool basis directly from a carrier pallet at machine table
' 1} 1
e <>
Tool set replacement on a tool by Shuttle machining table
100l basis from a back-up store with a buffer position
2 2
—
i {(®)
Magazine replacement from ition shuttle f
a back-up local ool store Twe P dlletbaffer
3 3
T ;
Direct spindle access to a Varying size local pallet buffer
too] local storage stand
4 4 D
™ :
As 4 but with two tool pallet or Machining indexed table for
magazine places at the stand a number of buffer positions
= 5 3
Tav{liE 4

Fig. 9.4.3

Schematic representation of typical part and tool replacement
approaches which may be combined to configure a variety of
machining stations.
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PALLET

PARTS STAND

Legend:

QO Part - Blank

() Part - Semi-processed

3 Part - Processed

Task] - Depalletisation

Task 2 - Repalletisation on same pallet cither

on the same or different location
Task 3 - Palletisation of new part or blank

Fig.9.5.1 Basic palletisation tasks
From FMS STATIONS
t0 1 2 i k n Legend:
Transport
t t t time from
! 0 ‘2 M ol station i 1o
stationk
t
2 t 12 0 t o t Q2 n
Transport
w : : : t time from
cz_) station k to
g i ¢y t 0 e bpj station i
-« 2
7 k
2 o 0 tu
n
‘n ton a2 i 0
Fig.9.5.2 The transport times between stations are

specified though a matrix
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o>

Varia bles definition

Data input

Initialisation

File of
datato

beread

/

>

Clock advance

Recording

ACTIVITIES

tlock EQ Simulation

duration
?

Y

Finalisation

Cev >

FIG. 9.6.1

Overall Simulation Model Block Diagram
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BEGIN

OF VARIABLES
ENTITIES TOOL GROUPS QUELES
~ENTRAL STORE OF TOOL GROUPS
-BATC!E:.TORM TOLOAD INTO THE MACHINES
:QSSWB Y SETS “TOOL GROUPS LOADED INTO A MACIINE
ARTS TOOL GROUPS ASSIGNED TO A MACHING
<TOOL SErS -HELP QUEUES

ASSEMBLY SHTS ATTRIBUTES

-TYPH OF ASSEMBLY SET
-NUMBER OFf PARTS IN THE 8T

“TOTAL 38T PROCESIING TIMB
-SET THROUOHPUT TIMB

“TIME ‘tHE FIRST PART OF THE SET BRECOMES PALLETISED
-SET STATS (1-SETLOADED INTO THH FM%

03T NOT YET LOADED INTD THE EMS)

QUEUES OF ASSEMBLY SETS

-QUEUE OF ALL SHTS
-ASSEMBLY SETS BEING PROCHSSED

PARTS ATTRIBUTES
-TYPR
“TIME CHLL
-NEXT OPERATION TO BE PROCESSED
NUMBER OF OPERATION STILL TO BE PROCESSED
GENERALIZED PRIORITY FACTOR OF PART
-DURB DATE OF THE PART
SCUMULATIVE PROCESSED TIME
PART THROUGHPUT TIMB
“TIMEB A PART BECOMES PALLETISED

PART QUEUES

QUEUEOF ALLPARTS
PARTS TO B PALLETISED
PARTS COMPLETED

PARTS PALLETISED ON A PALLET
BUT NOT YRT MACHINED
-PARTSPALLETISED ON A PALLEY
BUT MACHINGD ,
PARTS NOT YET ASSIGNED TO MACHINES
-PARTS ASSIGNED TTO MACHINES
PARTS ASSTINED TO A MACHING
PARTSLOADED TO A MACHING
-HELP QUEVES

TOCL SETS ATTRIBUTES
<TYPEOF TOCL SET

TOOL SETS QURLES

-QAJEUR OF ALL TOOL SETS
“TOOL. SHTS IN A TOOL. GROUP

TOOL GROUPS' ATTRIBUTES

FIXTURES PALLETS' ATTRIBUTES
-TYPROF PALLET
-NUBER OF PARTS PALLETISED
-GENERALIZED PRIORITY PACTOR OF PALLET
-TIME CELL
-TIME PALLET IS NOT USED

FXTURED PALLETS QUELES
-CENTRAL PALLET STORE
-LOCAL PALLET STORACUS ANT) PALLETISING AREA
-PALLETS WAITING LOAD INTO MACHINES
-PALLETS LOADED INTO A MACHINE

LOCATION ON PALLETS ATTRIBUTES
“TYPE OF LOCATION

LOCATION OF PALLETS QUELJES

-QUEUE OF ALL LOCATIONS ON PALLETS
-EMPTY LOCATIONS ON A PALLET
~OCCUPIED LOCATIONS ON A PALLET

MACHINES' ATTRIBUTES
TYPR
~TIME CHLL
“WORKLOAD
-PALLET BUFFER ST2R
-STATE (1 - Working; 0 - Not working)
~TOOLS’ MAGAZINE SIZR
PROCESSING/TAFE TIME

MACHINE QUEUES OR SETS
“MACHINES® QUEUR
-MACHINES TO BE LOADED
-HELP QUEUES

HANLING DEVICES'/CARRIERS ATTRIBUTES
-PALLET CARRYING CAPACITY
“TIMB CELL

-Lﬂ.'al‘l'm OF THE CARRIER IN THE PLANT
-PALLET AT CARRIER UNLOADED FROM A MACHINE
UTILIZED TIME

CARRIERS (X/EUES OR SETS

“QUEUE OF ALL CARRIERS
-CARRIERS AVAILABLE

OPERATORS' ATTRIBUTES
TIMECELL
-BUSY TIMH
-PALLETISING TIMB

CPERATORS QUELES
~QUEUR OF ALL OPERATORS
-OPERATORS [DLE

OTHER VARIABLES

-A considerable number of other variabled, particularty
presented In the form of Ristograms and one, two and thwes
Mﬁn!mdmdhngumuﬂrmﬂonﬁ
recording information from the simulatl

have been defined,

END
DEFINITION
OF VARIABLES

Fig. 9.6.2

Definition of Variables
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BEGIN
SHIFT RELATED CHANGES
Y
SHIFT CHANGES
?/
N
SHIFT +1
Y
DAY CHANGES
? / l
N DAY+1
s
DEFINITION OF SHIFT PRIORITY
RULES FOR BATCHES OR ASSY.
SETS, PARTS AND FIXTURED
PALLETS

SELECTION OF BATCH

UPDATING BATCH'S
FACTOR

Fig. 9.6.3 Flow Diagram of shift related variable changes




BEGIN
UPDATEFACTORS

b ARTS UNFINISHED > PART UPDATING
SELECTION PART'S FACTOR
SELECTION OF BATCH
LOADING BATCH
INTO THE FM$S
I PALLET UPDATING
SELECTION PALLET'S FACTOR
UPDATING SYSTEM WORK-
LOAD, QUEUES AND OTHER g
CONTROL VARIABLES
REDORDING INFORMATION
END
END A UPDATEFACTORS

ARRIVE

Fig.9.64 Flow Diagramof the Activity ARRIVE Fig.9.6.5 Flow Diagram of the Activity UPDATEFACTORS
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SAVEMAG

SELECTION OF
APART

SELECTION OF SUCH
MACHINES

ASSIGNMENT OF THE
PART TO THE SELECTED
MACHINES

UPDATING MACHINES'
WORKLOAD

UPDATING
CONTROL VARIABLES

L

Fig. 9.6.6

Flow Diagram of the Activity SAVEMAG
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T
‘—@ VARIABLES
(e )
CHANGTOOLS
Fig. 9.6.7 Flow Diagram of the Activity CHANGTOOLS
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BEGIN
UNPOOLMS
(oamNy | oo
Ol
STOP WITH THE LEAST
? ASSIGNED WORKLOADS

PALLETS ¥
TO 8B LOADED AT

PALLETS
TO BE LOADED
SOMEWHERE

SELECTION OF THE
HIGHEST PRIORITY
PART IN THE HIGHEST

(orsta )

ASSIGNMENT OF TOOLS l
TO MACHINE MC AND CALL
POR LOADING OF TOOLS ‘

MAGAZINR
LOADED

CALL POR UNLOADING
OFTOOLS

ASSIGNMENT OF SELEC-
TED PART TO MACHINE

ASSIGNMENT TO MA!

MC OF ALL PARTS REQUT-
RING ITS SELECTED TOOLS
BUT NOT YET LOADED
OR/AND ASSIGNED

UPDATING CONTROL
SETS ANDOTHER
 CONTROL VARIABLES

Fig.9.6.8

Flow Diagram of the Activity UNPOOLMCS




URGENT PAKT PROM M2

TOOLS FROM MACH. M2

| .

ASSONMENT OF SELECTED
PART Pt TO MACHINE M2

ASSIONMENT TO MACH M2

OF ALL PARTS REQUINING ITS

‘TOOLY BUT NOT YHT LOADED
OR/AND ASIONED

UPDATING OF CONTROL SETY AND
OTHER CONTROL VASIARLES |

Flow Diagram of the Activity POOLMCS




SELECTION
OF MACHINE

TCOLS AT
THE MACHINE

Y

IDENTIFICATION OF TOOL
GROUP TO BE UNLOADED

UNLOADMAG

UNLOADING OF TOOLS

UPDATING CONTROL SETS
AND CONTROL VARJABLES

IDENTIFICATION OF TOOL
GROUP TO BE LOADED

LOADING TOOL GROUP
AT THE MACHINE

UPDATING CONTROL SETS AND
OTHER CONTROL VARIAVELES

ot}

RECORDING OF OUTPUT
INPORMATION

Fig. 9.6.10

Flow Diagram of the Activity UNLOADMAG




BEGIN
LOADMAG

MACHINES

ONSTy
?

SELECTION
OF MACHINE

CALL
FOR TOOLS' LOADING

INTO THE MACH.

END
LOADMAG

IDENTIFICATION OF TOOL
GROUP TO BE LOADED

LOADING TOOL GROUP
AT THE MACHINE

UPDATING CONTROL SETS AND
OTHER CONTRCL VARIAVBLES

®

Fig. 9.6.11

Flow Diagram of the Activity LOADMAG
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SELECTION OF THE HIGHEST
PRIORITY PALLET

PALLET

SELECTION OF THE HIGHEST
PRIORITY PART ON THE

PART

REMAINING
OPERATIONS ON

SELECTION OF
PALLET POSITION

PART UNCLAMPING

FOLLOWED BY CLAM -

- PING IN THE SELECTED

SET OF PARTS POSITION ON PALLET

COMPLETED ¢ J
UPDATING SETS RELATED
QUEUES AND RECORDING
INFORMATION.
h 4

e

UPDATING PARTS AND PALLET
POSITIONS' CONTROL VARIABLES
AND RECORDING INFORMATION,

Fig.9.6.12

Flow Diagram of the Activity UNCLAMPING
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N
-
PART
TOBE CLAM.
PED?
Y
' SELECTION OF HIGHEST SELECTION OF HIGHEST
SELECTION OF PART | PRGRTYPART |
N PART
SUITABLE FOR
POSTTION
?
Y
RECLAMPING PART CLAMFING PART
P ]
UPDATING RECORDING
INFORMATION AND
CONTROL VARIABLES

END
UNCLAMPING

Fig. 9.6.12 (cont.) Flow Diagram of the Activity UNCLAMPING
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SELECTION OF THE HIGHEST
PRIORITY PART

Fig. 9.6.13

Flow Diagram of the Activity CLAMPING
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l

SELECTION OF CARRIER

SELECTION OF THE HIGHEST
PRIORITY MACHINE M1

SELECTION OF THE HIGHEST
PRICRITY PALLET TO BE
UNLOADED FROM MACH. M1

RESERVATION OF APALLET |
WHICH IS READY TO BE LOADED
FOR EACH EMPTY MACHINE |

UNLOADING PALLET
_ FROM MACHINE M1
LOADING THE HIGHEST
PRIORITY PALLET IN M1 UNLOADING PALLET
l FROM MACHINE M1
UPDATING WORK LOAD
OF MACHINES
|
UPDATING RECORDING
INFORMATION AND
CONTROL VARIABLES
END
UNLDMC l

Fig. 9.6.14 Flow Diagram of the Activity UNLDMC
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END
- LOADMC

PARTS
CLAMPED ONPALLET
TO BE LOADED

SELECTION OF PALLET

SELECTION OF PART IN THE
SELECTED PALLET

. SELECTION OF MACHINE

I

LOADING PALLET IN THE
SELECTED MACHINE

UPDATING RECORDING
INFORMATION AND
CONTROL VARIABLES

Fig. 9.6.15

Flow Diagram of the Activity LOADMC
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SELECTION OF THE
HIGHEST PRIORITY PALLET

MACHINING OF

SELECTED PART

UPDATING RECORDING
INFORMATION AND
CONTROL VARIABLES

END
MACHINING

Fig. 9.6.16 Flow Diagram of the Activity MACHINING




CHANGTOOLS
. ]
TOOLS
OFMC
i UNPOOLMCS
MAG
OFMC
-] '
oPMC
\-/l b /
UNLDMAG
e ’/

y
— O0L

",

| p PARTS AND FIXTURED PALLETS

TOOLS HANDLING <+

| HANDLING

ARRIVE

o
o,

!

LOADMAG

T s

\ s ca

-
'\\ e, it TS /
', e

CLAMPING

CLPARTS

PARTS
OPMC

[

~o] MACHINING

Quewes
Activitics

P
Pistued pallets
Operators

Pallot carricntiDs.
Machines

Taols

Fig. 9.6.17

“Simulation Model Cycle Diagram

- ELT




Input parameters

- Physical configuration
- Machines
- Material Flow Network
- Pallets
- Tools etc..

- Operating data
- Parts, Operations
- Batch or assemb, set sizes
- Part clamping, etc..

- Manufacturing control
-Dispaching strategy
- Part assignment/loading

strategy
- Part sequencing priority

- Other
- Length manuf.period
- Number of shifts per day
- Shift duration
- Part mix in system, €fc..

SIMULATION

Output measures

-Utilization
-of machines
-of pallets
-of transport devices-HD
-of tools
-of operators
-Production rate
-Parts
-Batches or assy. sets
-Work in progress-WIP
-in parts
-in assy.scts
- in time units
-Througput times
-of parts
-of batches or assy.sels
- Other
-Throughput time index
-Wip turnover
“Production synchronization
ratio, &tc.

Fig. 9.7.1

The use of simulation of manufacturing systems as a mean of evaluating
the influence of input parameters on measures of system performance

YLT
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Central store of tool groups
(Initial tooling configuration)

L)
L]
e

Four identical multipurpose
machining centres

Machine tables

Two position pallet shuttles

=R
=R
=18

tliill]-cﬁ

Pallet carrier and track
Fixtured pailet central store

googogcodaooon (capacity=13) and palletising

arca

ﬁ ?% Two palletising operators

ago Back-up pallet store
E,_] Pallet

Fig.10.2.1 Schematic representation of the basic FMS configuration
for experimentation '

Fig.10.2.2 Sample of the main part mix used for experimentation
(Source: Westland Aircraft catalogue)
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Operation times

70T
0 63 :

60T ] Mean=28.333 min
St.Dev=18.30 min

soT

40-- 36

Frequency
0} |

20t 18 18

B0l

S 10 1520253035404550556065
Cperation tima cell {min)

Machining times

10 10

10 = g9 1 9

9 - u Mean=69.286 min

8 St.0ey=37.62 min

T s 6

6 1115153 [

Frequency S ™ ]

4 3

3 2 2

2

1

0" e o e 2y e s may 4

10 30 S0 70 g0 110 130 150 17
Machining time cell (min)
Fig.10.2.3 Typical frequency tima distributions of operation
g.10.2. times and machining times per pallet load
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- Part
©s 11 2 2 3 4 5 6 7 8 9
Operations _
® ® ®
! ocool|lo ol]]lo o] |O O O OO
2 .
{00}]|]O o] j0o oOjC O O O
? @
O O|® o ol® O O
LEGEND: @ ~  Fixtured pallet O - Palletising position

Fig. 10.24

Part mix clamping structure for each part-operation

LLT
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1.0
09
038
0.7
AvMach, 06
Utilization 0.5
04
0.3
02
0.1
0.0 -
B C D
Tool combination riles
6
Finished
- Assy. Sets
B
Tool combination rules
LEGEND: B v Average Maximum
A¢B oC|D Heuﬁstic mles
. -Sched.Rule: FCFS
Summarized system set-up: 4 identical Multipurpose MC
- No tool set duplication
. 1 £ di . .
Fig.10.4.1 Efficiency of different tool combination rules for tooling

configuration design under no tool set duplication
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Average Machine Utilization
1.0
0.9
3 0.8
8
g 0.7
5§ 06
S o3
2 04
03
0.2
01
0.0
Finished Assembly Sets
6v
5+
3 4
g
§ 14
2
1 2y
3
& 14
0 +
Basic tooling
configuration Tool combination rules
. Maximum
Summarized system Legend:  Minimun
set-up:
-4 identical
Multipurpose MC
- No tool set duplication
i The efficiency of generated tooling configurations by using
Fig.10.4.2 three tool combination rules under two different scheduling

rules, namely FCFS and MRPAS rules.




280

Two sided t - test:
Util, Variation t 0.025,11 2,201
It ol I =13
x, 7 MRPAS
03 Utilization Variation
o1 Tt
ey ————t T R
ClTy 2 3 4 5 6 7 8 9 10 1 12
Tooling Configurations
03 + )
0.5 +
. Difference in average machine utilization between the
Fig. 10.5.1 randomized AS part type release and the deterministic
ordered part release under the MRPAS scheduling rule,
Two sided t - test:
Util, Variation t 0.025.11 22,201
0‘5 - Itozl =2 .19
X2
FCFS
03 ¢
Utilization Variation
ol T
0l 11 2 3 4 5 6 7 8 9 10 11 12
Tooling Configurations
-0.3
-0.5
) Difference in average machine utilization between the
Fig.10.5.2 randomized AS part type release and the deterministic
ordered part release under the FCFS scheduling rule.
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AS Output
Variation

X3 61

Two sided { - test:
‘o251 220
It 51  =07609
MRPAS —_—
Assembly Set Output Variation

i A n i
T T T T

3 4 5 6 7 8 9 10 11 12

2 Tooling Configurations
_4 -
_6 e
Difference assembly set output between the randomized
Fig.10.5.3 AS part type release and the deterministic ordered part
release under the MRPAS scheduling rule.
Two sided 1 - test;
t 2.200
0.025,11
ASOutput It o4 I =1.820
variation
| FCES
X4
47 Assembly Set Output Variation
2 -
0 ..- 4
211 3 4 5 6 7 8 9 10 11 12
- Tooling Configurations
_4 -
5+
) Difference in assembly set output between the
Fig.10.5.4 randomized AS part type release and the deterministic
ordered part release under the FCFS scheduling rule.




282

MRPAS
Average Machine Utilization
- Aver. Mach.
Utilization
.07 —Group 1 Group 2 G

5 6 7 8 9
Tooling Configurations

FCES
Average Machine Utilization

——-—Group 2

5 6 7 8 9 10 11 12
Tooling Configurations

Legend:
- Deterministic ordered

part release

- Randomized part release

N Average Machine Uﬁlizaﬁon under both randomized and
Fig. 10.5.5 determistic AS parts release for the FMS operated under the
MRPAS and the FCFS scheduling rules




283

Av.Mach.
Utilization
e T B m e e e e |
1 3 5 7 9 11 13 15 17 19
-2
FMS loading level *10 Min
Legend ) Summarized system set-up:
-4  Tooling configuration TC14 -Sched.Rule: FCFS
- No tool set duplication

Fie.10.6.1 Utilization under different system loading levels for two different
12.10.6. tooling configurations using the same unduplicated number of

tool sets.

Assy.Set
Throughpat
tme indey
{ASTTD)
T B e e e
1 3 5 7 9 11 13 15 17 19
-2
FMS loading level *10 Min
Legend: \ , Summarized system set-up:
g & Tooling configuration TC14 - Sched Rule: ECFS
- Basic toolig configeration TC1 - 4 identical Multipurpose MC
- No tool set duplication

X Assembly Set Throughput Time Index for two typical
Fig.10.6.2 tooling configurations as a function of FMS workload




———584—

1400 1
1200 1

1000 +

Average

Summarized
system set-up:

-Sched.Rule: FCFS
-4 identical Multipurpose MC

1 - No tool set duplication
Work in 800
process 600 +
(Min) 400 Legend:
200 + £ Tooling configuration TC14
0 . . . S 4#— Basic toolig configurationTC1
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19
-2
FMS loading level * 10  (Min)

) Average work in process - processed time of unfinished workpieces -
Fig.10.6.3

for two tooling configuration under minimum tooling requirements.




285

Central store of tool groups
{Four identical tool groups with

all the required tools for the mix)
Four identical multipurpose

MC MC MC MC machining centres

. A
D D D D Machine tables
ﬂ ﬂ ﬂ H Two position pallet shuttles
<4+
Pallet carrier and track
Fixtured pallet central store
D D EI D O D O D—— D—- D D (capacity=13) and palletising
area
ﬁ ﬁ Two palletising operators
D D I:| Back-up pallet store
D Pallet
Part Mix: 9 different types to make-up
an assembly set with 10 parts

Pallets: 16 fixtured pallets, two of

each type

Fig.10.7.1

Schematic representation of the typical FMS
configured under full tool replication




286

1.0
0.9

957 930

968965 64 953956 943 948

8y

0.8
0.7
. 06
Av, Machine 0.5 )
e ) .
Utilization 04
0.3
0.2
0.1
0.0 : ‘
MCt MC2 MC3 MC4  Total average
6 -
51
41
Assembly sets 3 ¢
b)
2 -
l -~
0+ 4 ey
Finished assy, sets Asgy sets in process
Parts Ratio (WPR)
8
7
N
5
Qutput Parts 4 I
Ratio I e
(wer) 3 | ©)
2 I_.
1
g |
I;
1
Av. in process I
ParsRatio 2 l
K
Legend: No tool set duplication best per-
per e
forming tOOliIlg mﬁgmm . Full tool replication in every MC
] Comparative FMS performance between the FMS run
Fig. 10.7.2 under full tool replication and run under no tool set

duplication i.e. minimum tooling,




287

Part
ypes 1 1 2 3 4 5 6 7
Part
QOpertations
1 ® ©)
O O o O O O O O
2
o O o o0l o O
@ |
3 o o|lfo ol® o O
LEGEND: @ .  Fixtured pallet O - Palletising position
Fig. 10.8.1 Part mix A clamping structure for each part-operation
Average Machine Utilization = 0.672
Finished Assembly Sets = 3
Tool group uilization Output parts ratio (WPR)
107 7
7 uinlim
& o 08 T 87 1
83 g 51
B 5 06 T 51 50 g eé- I
E E 8.8 4
04 T 29 8 B 3%
22 24
021 16 4
0.0 = 'rr_l: 4 0 + + + + +
1 2 3 4 5 6 1 2 3 4 S5 6
Basic tool groups Part types
Fig. 10.8.2 Summarized FMS performance under the basic tooling

configuration for part mix A




288

TrsragrrITIIRLAAS ISR L L T L A e L L R L L L R Ny e Y
.
BN \
1] L]
H H o
. L)
» Al
L3 * L ]
3 -
. L)
- L)
. - M )
* 4
m . . @ »
* L]

R H =0 . T

m » o g H
* H .

o b ™~

= s
. L)

. L)

.w. » * T
+ L)

—_ % * m
' .

m + L] w g
kY + =]
kY M I~

.m ? B T ARSTLTE LT ETRY. FESTY Hrvaaevaseas T T

== . olf
. 1] -

m H \ vy
1) L)

[ = .

L3 L) o
13 Ll P
1Y .

b - .m . .m
L3 % -

§ € o 3 i g
Iy m s
. L

-m . E.MA A 7 3l

.ﬁ.v . H +

o 3 .

* L]

B H oy
% x ]
L]

B v issaaasass g e e 2 Py S SaveeasATsEARIAATAIT IS TTIY YA

. L]
L] *
* .
Py ¥ o
- *
A N
et RARAEFTRARIR IR f:ll'lf:Jllﬂ.ifillalll‘llc:dclc‘Jda.flld lllllllllllllll L T T I T I R L R L e TS L L -
L]
uoneInIyuod \
i 4] ! -
1]
Jurjoo) oiseg \
: . L i L L M 3 't re i
Lansasssanns dreannan ansasssnssananal T T v T g + t t t t T | 1
$ N B R B - + w0
- oS o o oo o o

machine 05 ¢

utilization

Average
Cutput
(Assembly 3 |
sets)

FMS performance for PART MIX A

Graphical representation of FMS performance measures

under MRPAS scheduling rule for different tooling confi-
gurations with restricted and controlled tool duplication

to process part mix A

Fig. 10.8.3




289

'96 956 943.948 930,928
Av, Machine
MC1 MC2 MC3 MC4 Total average
Assembly sets b)
' —
Finished assy, sets Assy. sets in process
8
7
6
OuputParts 3
Ratio (WPR) 4
3
2 )
1
0
1
Av. in process 3
Parts Ratio
{WFR) 3
4
. . . Tooling configuration with tool
Legend: Bl Tooling configuration TC14 d duplication
Fig. 10.8.4 Effect of tool duplication on FMS Performance to process

part mix B in the configured FMS,




290

EEEHHE

e

MACHINE GRCOUPI

MACHINE GROUP IT

Co0ado0ooooan

Central store of tool groups
{Initial tooling configuration)

Two groups of two iden-
tical Iimited purpose
machining centres

Machine tables
Two position pallet shuttles

Pallet carrier and track

Fixtured pallet central store
(capacity=13) and palletising
area

?% ﬁ Two palletising operators

god

Back-up pallet store

LEGEND: %ﬁ Tool group to Tool group to
£3 usein MC rype use in MCtype  Jpumm
O  Pallet
) Schematic representation of the FMS configured with two
Fig.10.9.1 types of limited purpose machining centres and respective

tool groups to use in each type for minimum tooling.




291

"r
it
% % Heuristic rule B Heuristic rule C
a 8 :
1.0
0.9
0.3
0.7
hine 0.6
Av Machi
Utilization 05
0.4
0.3
02
0.1
0.0 ¥
TC1 TC2 TC3 TC4 TCS TCs5 TC7T TC3 TC9
Tooling configurations
TE-E
£8
EH
35! Heuristcrule B Heuristic rule C
a8
5T ]
a1 — o
3t
Finished
assembly sets
:
i l_
4
)
ol hr, 4
TCl1 TC2 TC3 TC4 TCS TC6 TC7 TC8 TC9
Tooling configurations
Legend: B K5 [_1 MRPAS

Performance of the limited purpose machining centres
Fig.10.9.2 FMS under both FCFS and MRPAS scheduling rules for
tooling configurations generated under FCFS using two
tool combination heuristics, namely C and B




292

Basic
1.0 7 tooling
1 config.

Heuristicrule B

AT AR I AT I IR AA R AL AT TN AN AT AN YRR Ry

-'L-c.--.-.-.-s--.--.--‘--..---..---;-

Av.Machine
utilization
TCI0  TCU TC12  TC13
Tooling configurations
Basic | - :
woling Heuristic nule B :
config. ! :
ST : :
Finished
assembily sets : :
TC1 TC10 TC11 TCi12 TC13
Tooling configurations
Legend: n FCFS MRPAS
. Performance of the limited purpose machining centres
Fig. 10.9.3 FMS under both FCFS and MRPAS scheduling rules for

tool combination heuristic B.

tooling configurations generated under MRPAS using




293

TC10 TC11 - TC12 TC13
B
788
.
a1 729
Basic tooling
config. TC1
4
733
D
TC14 TC15
313 835 4
— §
LEGEND:
D - Ungrouping-regrouping
heuristic combination rule
B - Tool combination Heuris-
ticmle B
Av. Machine :::ﬁhnfm on
utilization / g

Finished
" aS5Y. SIS

Fig. 10.9.4

FMS performance improvement and sequence development of
tooling configurations through the use of the ungrouping-
-regrouping tool combination heuristic rule, Rule D,




294

TC13

TC11

TC10

TC15

553

TC12

867

TC14

934

B
Saamm———
Basic tooling
config. TC1
..837

Finished

4/’ assy, sets

ungrouping-regrouping tool combination heuristic rule-

Improved FMS performance through the use of the
-Normalized Utilization view

L -m
gm.
HEE
BES | &S
11
EsEs| £
LEEHE S
mm.m._...u 5 |
MD e <

Fig. 10.9.5




Finished I
Av. Machine . v e .
Assembly © . tion Machine utilization Output Parts Ratio (WPR)

§ g8 8
é 777 7
5 4 %
g AN z1251717
g A A
3 ? / AL
: adannny
ANy
ey
A ivin Al
2
7 7
6666
213 211l ’
"'8" e ? g? 44
= MANUNRD
£ AU D
: ANNnnY
E Pan ] ”
& Shira
g 123456789,
o
2
‘::’:. 963 o13
2 4
21z 7 6 66 66
a8l Xls
A / 7 ” 444
/ onpannY
/ 2212171417178 7
NAnngn e
A Vrevpe O 1
1234567809
% ,
Fig. 10.10.1 o ares FtS e o ol ool ep i s congs

guration and tooling configurations under no tool set duplication.




296

Tool group
utilization

ratio (WPR)
S o W R Ly v )

Qutput parts

Average Machine Utilization = 0.672
Finished Assembly Sets = 4

- Tool group utilization
10137
08 T
06 T
Sl 43
04 T 33
26
02T 16
0.0 ¥ 'rl l +
1 2 3 4 5 6
Basic tool groups
Qutput parts ratio (WPR)

Part types

Fig. 10.11.1

Summarized FMS performance under the basic tooling
configuration for part mix A - Limited Purpose Machines
case :




- 297

Basic tooling config.~TC1

11
Sma =
.94 i
B.._-a---—;w;;,.gﬂ%
2
) % ~em e
1
z 9.8
Q
T
o] .
=
5 074 w
- .
Y .
5 -
-
z
o
d
Z
Legend
0.5 D rsror finrusce pagris
X L3LrEorrorrumes Paugrs
O sstmsscnaruees sannrss
B asgriernarusco eaners
0.4 T T T T — 1
g 2 L] ] 10 12
ASSEMBLY SET BATCH SIZE =« ASBS
Tooling config.—TC2
1n
a:""SE E!,:—‘_-g-:::::é‘r— 5‘—‘-“6——‘5"’ =g
0.9+
32 B~
I
> 0.3+
=]
g
]
=
5 a7+
td
1
I
2 LY
2 g
&
% .
Legend
0.5 A Lseror nxtuero paLiets
x LSK13 of NETyReD PaLLLTS
0O s3s e namyero rancys
B sspraor DIATURTD PALLLTY
0.4 T i T T T 110 1'2

4 L] 2
ASSEMBLY SET BATCH SIZE - ASBS

Fig. 10.12.1

* Behaviour of machine utifization with ASBS for two

ditferent tooling configurations under the same
available minimum tools and for different pallet levels




298

0.9

0.8 4

0.7

0.6 1

AVER. MACHINE UTIAZATION — MU

0.54

Full tool replication—=TC3

g—=g —5 — &~ —f— B —— - —F——F—B

f/\ah\//—ﬁﬂ

Legend

15ET OF FIXTURED PaLLETS
43tI1s Of ristules kaLtrs

ASLTS OF FIXTURED PALLETS.

>
BOxXe
-
.
=
CEL]
[-]
[ d
=]
=
=
=
-
L-J
.
»
£
[
[
o
2

1 T T T )

4 L] ] ] ¥4
ASSEMBLY SET BATCH SIZE - ASBS

» -

Fig. 10.12.2

" Machine utilization for different pallet levels under
fuil tool replication in gvery machining centre of
the FMS




299

229

ASSEMBLY SET TROUGHPUT TIME INDEX—-ASTTI

0.8+

Basic tooling config.TC1

Legend
130T OF FIRTURLA PALLETY
! ifrs gr TIATURED PALLETE

A
g s

3 4CTS OF MafublDd #aiLll}
b3 ]

4 !r'l of fll_ll:![l ’l&l!

ASSEMBLY SET TROUGHPUT TIME INDEX-ASTTI

T T T T

4 L ]
ASSEMBLY SET BATCH SIZE ~ ASBS

Tooling config. TC2

=

12

Legend
EALT AP PIXPUSED PaLLElS
! ssl’! Of FafJReh PaLLlrS

a
X
[ istrsormussacn sarcers
&

4 5013 0F FIRT4ICH PALLETS

i — o ———

[

T T T T Y

4 ] 3 10
ASSEMBLY SET BATCH SIZE - ASBS

—
W

Fig. 10.12.3

Assembly Set Throughput Time Index under two tooling
configurations combining the same number of tools for

different pallet levels.




300

Full tool replication TC3

2.2
s
1
IvERLE
[=
=
[ "]
Z 164
(=1
[
2
5 e
2
Q
g
= 124
[
)
ﬁ %’ % 1 SCTS OF FLatunLES 'A_w
< g.a- O wgers oo ravueco saucrs
] astrsor mxmuera eacLers
0.8 T Y T T T J
0 2 4 L] 3 10 1
ASSEMBLY SET BATCH SIZE — ASBS
Assembly Set Throughput Tima Index for four paliet
: levels under full tool replication in every machining
Fig. 10.12.4 centre




301

WORK IN PROCESS WIP * 107 MIN

&4

Basic tooling config.TC1

—-
”a’-‘-a £}

150t of MY tuRrS FaaLels

W OLSUIS OF FeRTuRIS PALLCTY
O pservorreruaco rauiers

L=
B ssrraermriuecp sagrs

R

AVER. WORK iN PROCESS — WIP * 107 MIN

(-]
"~

J— T

T - T

4 6 B
ASSEMBLY SET S8ATCH SIZE - ASES

Tooling config. TC2

14LT OF NETURLD PALLITS

A
é LALIS OF ixfuREa PaLLLTS

|-

4 8EHS OF MIKIUBE BaiLlls

e —

T ¥ T T 1

4 é L
ASSEMBLY SET BATCH SIZE -~ ASBS

Fig. 10.12.5

Work in process under two toéling configurations
combining the same minimum number of tools for
different pallet levels.




302

WORK N PROCESS WiP * 107! MIN

Full tool replication TC3

PSET BF Mxtueld PattLtTs
JALILOr tiaruerg Aeii(ls

- p— e

a3cis ar l’lLfU.(D PALLTTS
p-S- P S

e

o 8 H
ASSEMBLY SET BATCH SIZE - ASBS

Fig. 10.12.6

Work in process for different pallet levels
under full tool replication in every machining centre
of the FMS




303

0.94

0.3+

0.7 4

0.6 4

AVER. MACHINE UTILIZATION =~ MU

1

0.4

1 Set of fixtured pallets

Legend
ta aung tuntlg TC2

X Hosi¢ taaling contiq T¢1
D full toot replication US|

4.7+

0.6

AVER. MACHINE UTILIZATION — MU

0.5+

~

L T T T

4 & ]
ASSEMBLY SET BATCH SIZE - ASBS

2 Sets of fixtured pallets

b)

Legend
Tosling cantia, TC2

Basic tasl :anﬂg 1C1

- o —————

boXb

T T T T

4 ] a
ASSEMBLY SETS BATCH SIZE - ASBS

Fig. 10.12.7

Machine utilization under different levels of fixtured
pallets for three tooling configurations




304

3 Sets of fixtured pallets

f=
e S S B O R = = By BRSO = S
-~
0.9+
’*_._.-N—-——x-_*.’x
2 A~
| x”
Zz 0.3+
2
<
=
2 c)
=2 0.74
[
z
T
fa]
3
. 0.6+
o
(V)
E
0.5 Legend
A Taaling conilg. =7C2
X Sasic tasitng contig_2TC!
O rutitasipeplicguen-ts}
0.4 T y T r T Y
[ 2 4 3 ] 0 12
ASSEMBLY SET BATCH SIZE — ASBS
4 Sets of fixtured pallets
1
0.9
.
= A
3 {/“‘ . - .-—a/ﬁ
' .
= 0.5
2
a
: 9
5 o7
2
Es
2 56
]
2
0.9+ Legend
A Testing santia TC2
x Basic 1asling cantiq.1¢)
3 rn 198l replisation €3
0.4 T T T T Y 1
2 s 1) [

4 8§
ASSEMBLY SET BATCH SIZE — ASBS

Fig. 10.12.7
(Cont'd)

Machine utilization under different levels of fixtured
pallets for the three tooling configurations




305

0.84

MANUFACTURING SYNCHRONIZATION RANO — SR

o

FCFS
1 Set of fixtured pallets

a)

Legend
A lestingcoarig 162
K Maaic 1esting contig T€1
D

ooo —

9.4 4

0.21

MANUFACTURING SYNCHRONIZATION RATIO — SR

4 1] L]
ASSEMBLY SET BATCH SIZE - ASBS

FCFS

2 Sets of fixtured pallets

b)

Legend
fowling cantig ~Te2
Baszicto chn’ sently —fC1 ~fC1

e -

° [} 4 ] [ ]
ASSEMBLY SET BATCH SIZE —~ ASBS
Manufacturing Synchronization Ratio for the three
Fig. 10.12.8

of pallets

-tooling configurations under different number <

P !"(‘\




306

FCFS
3 Sets of fixtured pallets

0.8+ ;)ax
af A )
**ﬁEHQ

0.6 4

.24

MANUFACTURING SYNCHRONIZATION RATIO — SR

Legend

A Testing contig.TC2
‘\\ 3 WBasic isaling cantig. TC)
a

--- — -

Q F) . ; a s 10 12
ASSEMBLY SET BATCH SIZE - ASBS
FCFS
4 Sets of fixtured pallets |
0.94

A Vara |
AT Jd 8

0.6+ A /9
\/

Q.4+

Lagand
Teniing tentiy ~TCT
Busis lsating coniig. ~TCY

0.2 4

MANUFACTURING SYNCHRONIZATION RATIO SR

T T T 1~
a W 12

. .
ASSEMBLY SET BATCH SIZE — ASBS

Manufacturing Synchronization Ratio for the three
Fig.10.12.8 tooling configurations under different number
(Cont'd) of pailets g Tl




307

0.81

924

MANUTAC_TURING SYNCHROMNIZATION RATIO — SR

Basic tooling config.—TCl
1 Set of fixtured pallets

| PR S g S

Legend

.3 = =r =)

. H a
ASSEMBLY SET BATCH SIZE - ASES

A fCFS
X uress

Fig. 10.12.9

Comparison of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
a single set of fixtured pallets and the basic tooling
configuration

o a4

0.4

0.21

MANUFACTURING SYNCHRONIZATION RATIO - SR

Basic looling config.T7C1
3 Sets of fixlured pallets

Legend

A FCrS
X waeas

e

)
R

: ‘ s
ASSEMBLY SET BATCH SIZE - ASBS

v

Fig. 10.12.10

Comparison of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
three sets of fixtured pallets and the basic tooling
configuration




308

LR R

&6+

0.4

4.2

MANUTACTURING SYNCHROMIZATION RANIO — SR

Tooling config.—1C2
1Set of fixtured pollets

Legend
& rers
X OMRRAS

L —

] é L)
ASSEMBLY SET BATCH SIZE ~ ASBS

Fig. 10.12.11

Comparison of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
a single set of fixtured pallets and the well
performing tocling configuration TC2

0.8+

0.

0.74

MANUFACTURING SYNCHRONIZATION RATIO — SR

Tocling config.—TC2
3 Sets of fixtured pallets

tegend
& FCrs
X ourps .,

. 6 s
ASSEMBLY SET BATCH SIZE - ASES

Fig. 10.12.12

Comparison of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
three set of fixtured paliets and the well

performing tooling configuration TC2




309

0.6

0.24

MANUFACTURING SYCHRONIZATION RATIO — SR

Full ool replication—=TC3
1Set of fixtured pallets

Legend

A FCrs
pA-L TP,
x I_IEAS

. s »
ASSEMBLY SET BAICH SIZE ~ ASBS

Fig. 10.12.13

Comparison of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
a single set of fixtured pallets and full replication

in every machining centre of the FMS.

full tool replication-TC3
3 Sels of fixtured pallets

%

I a8+

g

3

8

5 0.8

z

£

z

@ oa

F4

s

&

2 o024

3

Legend
afers
X WREAS
[ . v . . « —_——
a 4 [] 3 ] 12
ASSEMBLY SET BATCH SIZE ~ ASBS
Comparisen of the behaviour of the two scheduling
rules FCFS and MRPAS for a system set-up with
Fig. 10.12.14 three set of fixtured pallets and full replication

in every machining centre of the FMS.




310

TABLE S



Table 3.1: A y of the charscteristics of simulation models developed for studying FMS dealgn and operation (a)
DATE} NAMS DESCRIFTION/PURPOSE LANGQUAGE] ORAPH. OBNERAUTJ DETAIL! ORIOEN TOOLING | TYPR PRACTICAL FMS ’BIBL[OG, OBSERVATIONS
CAPABS. COMPLEXITY | Res.lostitution | Counizy | SYTEM APPLICATIONS ISOURCES|
OBRILLING {(b)
1971 | K&T Sim. [Study & large variety of FMS physical | SIMSCRIPT| N High High K & Trecker USA N M Soveral 3 Run in & UNIVAC 1108
configurstions and MIiSs . .
1973 - Generalized Model of FMS SIMSCRIFT| N High Medivm  {Wiscomela Univ. Usa N M Allis Chalmers FMS 38;18 IEmphasls on MHS with cars
1.5 Run in & UNIVAC 1108
1976] MUZK ["Modular Simulation for Flexible FORTRAN u High Medism (IPA-Siuligart wa N M Several 535 |Requices specialist
linked Manufacturing Systors (GFs5S) knowlede.
1976} CATLING {Simulatlon of control and operstionalf CASPIV N Very Low High  {Purdus Univ. usa N M Caterpilar  Line 31 |Specific to Caterpilar Hoe
issues of the Cmarpilar Lino
1977] ooMs |“Geent C;bmpuuﬂm Manufn- GASP IV Ijo RBigh Medium [Purdus Univ. uUsa N M Rockwell FTL 21;20,02 Ernphhll on MHS;1 GASP
cturing  Systemt  Simulator” FORTRAN ' sd 1 FORTRAN version.
1977| PSWZ |Prog. zur Simulat. dor Verkzeugfiusse] BASIC Medium High Achen Ugiv, wa Y M Mo B.B. FMS - WO 36
PORTRAN
1977| CMHASS [Complex Manuf.Handling and Assy. BASIC N U u MIT Usa N M u 2
|System Simulator
) : Post-processed  animation
1977] 00GM08 [FMS simulation with CRT display for A High Low MIT Usa N M i g 7,30 |in a CRT display; Simulation
evalunting the feasibility of CMS Is only part of COSMOS
1977 - Simulation Of FM3 for RotPars SIMULA N Medium Meodium  |Berlin Univ. wa N M | Pilot PMS for Rot Parts 5 |Supervision of SPUR.O.
at Berlin Univ. Run in a DEC-10/20 and
1977 OEMS |[General. Manufacturing Simulator QGERT i High Mediom  [Texns A&M Univ, USA [} a u 1,30
1978 - |Simulation for evaluation of erganizal v N High Low Anchen  Univ, wa N M u 11
cnal measures in Manuf, Sysiems

I1€




Table 3.1 A y of the ¢k cistics of simulstion models developed for studylog FMS design and operation (cont.)
DATE| NAME DESCRIPTION/PURPOSH LANGUAGE| GRAFPIL [GENERALITY] DETAIL/ ORIOR TFOOLING PRACTICAL PMS BRLIOG OBSERVATIONS
CAPABS. COMPMEXITY ! Res.institution { Country | SYTEM APPLICATIONS SOURCES}
ODBLLING

1978] RHMC {Swndy pant mix seloction, work flow QOERT I Low u Purdue Univ. USA N Ingersoll Rand Line 14

und procass selection in CMS
1979 | CAMSAM |First mage Design of FME U N Medivm Very Low [Purdue Univ, USA N Rockwell FTL; Caterpilar] 14

Lino; Ingersolt Rand Ling

1979| HABMS |"Advanced Batch Manulacturing BCSL N Very High | Very Low |Wisconsin Univ, UsAa N u 33 [Hibly simplified mo-

Systems Model” delling sssumptions.
1979 VMSM |[Model w sudy the Varable Missioa FORTRAN IV U High u Ciacloasti Milsc. USA N Vaziable Mission Sysu. 14;3 |Can run in the control

sytems from Ciocloatid Milecron Plus computer of the VM Sysis,
1980 | Q-CAN-Q |Simulates CAN-Q Math, Modsl QUIRT I High Very Low |Purdue Univ. USA N Caterpilar  Line 14 |Relies on the simplified

assumptlons of CAN-Q

1981 QL |Carts O3 Line BOSL u Low Low Draper Lab. USA N U 3
19817 GEMS |"Oenoml Fiexible Manufacturing PORTRAN'A u High Meodium }Draper Lab. UsSA N U 3

|Systems  Simulator™ GASP IV
1982] SIKTAS |Simulstion for Complex Tochnical FORTRAN | I/O/A High High Stutigart Unlv. wa Y FMSs at S Univ. snd Two Isngusge based

Blementes and Systems PASCAL Burkhart &Wobber 6 models are svailable
1982 WFIST |Plexible Integrated Simulalon Tool [ PORTRAN N Low Low L[l“olli.l Inst.Tech] USA N U 33
1982 SPEED FFMS Modelling FORTRAN 64 U Medium Modivm |llorizon 8w. Inc. USA N U 3 |Emphasis on cart MIISs.

:  |foter-Model Qenerat, availab.

1983 | MAP/1 [Modelling Aoalysis ProgJl - Simu- SLAM N Very High Medium-Low|Pritsker & Assc, USA N As FMS for tramsmission 27;.23

lation of any Batch Manuf, System l cases

Z1¢




Tabls 1.): A summary of the characteristlcs of slmulation models developed for studylug FMS design and oporation {cont)

through Simulation

DATE] NAME DESCRIPTION/PURPOSE LANGUAGE] GRAPH, [GBNERALITY] DETAILf ORIGEN TOOLING | TYPE PRACTICAL PMS BIELIOG. OBSERVATIONS
: CAPABS, OOMPALEXITY | Res.lostitetion | Country SYTEM APPLICATIONS SOURCES] .
IMODELLING
1983 - Simulaion model to evalumis centrol BCSL N Medium Low Loeughborough @ N M u 4
policies in FMSs for Rot. Parts, Univ,
1933 § PMSSIM [FMS Simulsior FORTRAN | I/C/A High Medium [McMasier Univ. Canads N M u 33;9 |Emphasis on MHS; Seps-
: rated SW for anlmaion
Emphasis on MHS; Uses a
1983 | REALEX ‘Rmh FMS Simulstor FORTRAN A Modlum High Rensult France Y M Rensult FMS 15 jseparated sysiem o visua-
i lize the simulation in a CRT
1983 Simulation of the AOV's patwork for u u u u OOMAU aly u M COMAU PMS 15
the COMAU FMS
1983 ] GPDEMS |"Genoral Discrete Event Mmuflcludjmﬂmﬂﬂ HOIA High High Univa:Nagoys | Tapanm Y a u 19 [Lmpl fa a Mini P
FSlmulnlor' (QASP V) Oraca and Kobe DA MV6000
1983 Sim.Model for study scheduling staM I N Low Medium [Texas Univ. and USA Y M Proposed Alrcrafi Ind. 1 323 lines of SLAM cods and
problems in FM$ FORTRAN Harris  Corporst. M3 1731 lines of FORTRAN code
1984] MAST |[Manulacturing Automated Systems FORTRAN | [JO/A High U CMS Res. Inc. USA u M Many 22,3 |Asimation through the
Design Tool BEAM progrsm
1985 [PATHSIM IModolar Slmulstion Model for Avto- |- SLAM | N Medium Medium  [Purdue Univ, G.E.| USAQOR Y M U 827 lEmphkasis on Physical Conf.
matic Tool Handling sod Ingorsoll Eng of Tooling Sysiems of FMS.
1985 KOSMO [A simulsor for FMSs PASCAL | 1/0/A { Medivm Medlum |Tokyo Univ. Japan N M | FMS (or Escavators-Jap.| 34 |Daw foput by lcons
1985 |UDSGAMS §*User Orlented Simulator Generstor df BASIC 10 Low Low Roassclasr Inatit.] NY-USA N g u 17  [Coded of the generated model
Design and Control FMS* ISIMAN obtaioed ln SIMAN
1985 | FASTSIM [Design and Pecform.Bvatuntion of FMSFORTRAN?A N Medivm Low Mectron Kaly N M U 24  |Runs ln VAXT50 and DEC3I50

Similaritics with Q-CAN-Q

€1g



Table 3.1: A suomary of the charactoristics of simulation models devoloped for stdying FMS design and opermtion {conl.)
DATE| NAME DESCRIFTION/PURPOSE LANGUAGE| GRAPH. [OENERALITY] DETAILY bRICIlN TOOUNG | TYPR PRACTICAL FMS IBIBUOG ODSERVATIONS
CAPABS. Res. Institution ] Countey SYTEM APPLICATIONS SOURCES,
ODELLING
19851 MODEL {A simulation Program for Manufactu] u TIO/A High Medium }Qcneral Electric USA U Isrsel Alrgraft Industry| 26;13
MASTER [sing Systoms Swdy PMS
1985 Skuulation of the Maxino Max FMS Cranfisld [« Y Makino MAX FMS$ 25
1985 | TOLSIM |Simulation of Tool Sysem Requirens FORTRANIM OJA Low High McMaster Univ. Canads | Y u 10 |Agimation on = colowr refresh
in & FMS with Tool Carts GASP Display or VT-100 terminal
1986f OISA [Oraphical Inlerlﬂvi Simulation and | SLAM HOIA High High Aschen Uunlv, wo Y u 4 Modelling by Icons
Animation
1986 PLUSS/T3S0oneral Manufacturlng Simulator U | High High 7 Syst.Res.Labs.of Japan u FMS for telephone 13 |ioteractive Simulation of
Hipoa Eleciric squipment varlous [low struclures
1586 BCHED/S1MScheduling  through  simulation u I/OIA High Low Faciro} Enc. USA N Several 16
1986] XMAS |Expert Systfor Manul.Simulation. FROLOG u U u Technical Unlv. | Doomark u u 37 |Modell bulding takes only
s few hours
1987} PMS-SET {Simulation of an FMS for Turbine PORTRANT) N Medium High Ansaldo and laly Y {Annsldo Componcuti FM 1% JRuns in VAX HMiccre VMO
lBlldOl Automata
Symbols: 1 Input (#) - Bared oo available rofeccuces
FMS  Flexible Manufacturing System [+] Oulput
FIL. Flexible Transfer Line A Animation (b) - Sca Bibligraphy on page 212
CMS Computerized Manufacturln  System HOMA IaputjOutpui/Animation
MHS Material Handling Sysiem M Modol
IPA  Institute for Production Automation G Model generstor
FHG Frunhofer Institute for Production u Unknown
Y Yes
N No

ie
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Table 8.1 - Number of Tooling Configurations. G; with n tool groups

formed from t basic tool sets

g 1 2 3 4 5 6 7 8 9 - 10 11
L0

1 1 1 1 1 1 1 1 1 1 1 1

2 1 3 7 15 31 63 127 255 511 1023

3 1 6 25 90 301 966 3025 9330 28501
4 1 10 65 350 1701 7770 34105 145750
5 1 15 140 1050 6951 42525 246730
6 1 21 266 2646 22827 179487
7 1 28 462 4494 54285
8 1 36 750 10494
9 1 45 1135
10 1 54

11 1
Gy 1 2 5 15 52 203 877 4140 21147 1145389 667481

LEGEND:

t
‘ t t n-1 n-
G = E an Gn= GLI+ n.Gl-l
n=1
t - Number of Basic Tool Sets

n - Number of Tool Groups in a Particular Tooling Configuration

Glt1 - Number of Toeling Configurations with n Tool Groups each
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Table 8.2 - Maximum number Gpy of Tooling Configurations which can

be generated from a number of t Basic Tool Sets to run FMSs
with a number m of Machining Centres.

gy 1 2 3 4 5 6 7 8 9 10 11
m .
1 1 2 5 15 52 203 8;17 4140 21147 114589 667481
2 1 4 14 51 202 876 4139 21146 114588 667480
3 1 7 36 171 813 4012 20891 114077 666457
4 1 11 81 512 3046 17866 104747 637956
5 1 16 162 1345 10096 70642 492206
6 1 22 295 3145 28117 245476
7 1 - 29 499 5290 65989
8 1 37 796 11704
9 1 46 1210
10 1 . 55
11 1
LEGEND:
{ ' t
Gmt= 2 G; or Gt = q:_ll + Z n-G;:ll
n=m n=m+1
Gmt - Maximum number of Tooling Configurations
m - Number of Machining Centres in an FMS
t - Number of Basic Tool Sets Corresponding to as many NC global part-
operations
G - Number of Tooling Configurations with n tool groups generated

n

from t Basic Tool Sets
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Table 10.2.1 : Typical Part mix

Part type 1 | 213 |4 |5 ] 6¢}7

Number of parts
per Assy. Set

Table 10.2.2 ; Part-Operation times of the selected

part mix
Operation Times (min)
Part type
1st Opn. 2nd Opn 3rd Opn

1 47 43 40
2 52 | 67 -

3 53 27 20
4 53 27 | 20
5 - 15 - | -

6 15 - -

7 9 9 10
8 9 9 10
9 7 11 -
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Table 10.3.1: Alternative combinations for studying the influence
of tooling levels and tooling configurations on FMS

performance.
Num f _—
bex: © | Flexibility '
alternative . Level of tool
toolin of the machining dunlicati
.. g stations plication
situations
NONE
1 .
Minimum tooling
. RESTRICTED
Multipurpose
5 machining Restricted and controlled
stations tool duplication
MAXIMUM
3 Full tool replication
in every machine
NONE
4 Minimum tooling
Limited purpose RESTRICTED
5 machining
: Restricted and controlled
stations tool duplication
MAXIMUM
6 Full tool replication
in every machine




319

Table 10.4.1 : Basic tooling configuration, tool sets and

corresponding part-operations
Basic tool Number Basic Part .
groups of Tool Operations
tools sets

1 1.1

1 18 2 12

3 18 4 2.1

4 24 5 22
6 31

5 7 7 4.1
8 32

6 6 9 42

7 7 10 33
11 43
12 5.1
13 6.1
14 71
15 8.1

8 2 16 72
17 8.2
18 7.3
19 8.3
20 9.1
21 9.2




Table 104.2 - Generation of tocling configurations fom the basic one maing randomly
chosen pairs of 100] sets o0 be combined foe the FMS yunning under FCFS
scheduling mle

Tooling confiflnitial basid Randomly ganarated toollng configurations
gumilons | tooling COMMENTS
configural.
Tool e T2 TG jJTOs FTCS | TOS | TCT | T | T | TC10 | TCH | TC12 | TCI3 | TC4 3 TC1 716 | TCI7 | TC18 | TC19 | TC20 { TC21 | TC22 | TCB | TCM | TC
tronps (Tool Sots)
12 J1w)
1 1,2 1,2 1,2 | 67 |$wry} ¢ * . . 12112 13 . 1,2 1.2 1.2 1.3 1,2 1,2 1,2 1.2 . . . . FMS running
121021] 121021 | 121021 [ R ) [ R ] perlod:
) Thaes
10,11 i eight hour
2 3 389389 | 38 . 1,23 | 1,431 1,23 | 1,23 3 3 3 Jlw3d] 3 » . . 3 36,7 | 36,7 | 32,87 3 L2 1.2 1.2 shifts
121021 12t021 s 3.5 L% ] 35
1 4 4 ] 4 4 4 4 4 4 4 4 4,67 | 46,7 4 4 4 4 . . . . ) 4 4 4+
121021} 121021
4 5 L] H 3 ] 5 589539 569 s s 5 3 567 |2 567 » . H ] H H 512 . . .
. 121021] 12t021] k21021 § 12t02} ‘ 10,11 { 10,11
5 6.7 61 | 62 . . 67| 67| 62 ] 61| 67} 67 . . . . . . 67 . . . 67 ) 61 | 67 .
§ 49 . . . . 3.8 . . . .9 . . . L2 (K] .9 [ R} 3.9 1.9 89 1489 ] 8 [ ] [ K] 19
121021
7 10,11 10010111031 § 10,10 | 10,10 | 1031 ] 10,00 ¢ 10011 1001 | 1o f 1001 | 002 | 20,03 ] 10,10 [ 10,00 ] 10,02 1002 . 10,11 | 10,51 { 10,11 § 10,11
6,7
FMS$ porfocmance
s 1221 [121031] * . ¢ JiZo2i]l12te21| * . * . . * |12i021]12t021] 221021 | 120021 {121021]22¢021} 121020 * [12to21|121023) .
3510713107 4 4 4 Total AvJ Max. | Miz.
Av.Mach. Uil 0.809 083710635 0427|0362 07650704 ] 0.61 0535 085 [ 0.763] 0773 | 0.679 | 0.314 | 0.76% | 0.532 ] 0.465 | 0.534 | 0.877 | 0.495 ] 0.335 ] 0.743 | 0.666 [ 0.672 ] 0.692] 0.704 [0.895]0.362
Findsh Assy.Sets 4 4 3 1 0 3 3 2 H 4 4 -3 3 H 4 L] 2 4 H H s 4 z 2 2 L% 1] 5 [ ]

07t



Table 10.4.3 - Generation of tooling configusations from the basic one using

four heuristic 100} set combination rules under the FCFS scheduling rule.

Tooling confi-] Initial basic Hlearistic genersted tooling configurations (Scheduling sule: FCES)
gurations tooling
Tool configurstion Heuristic rule A Heuristic rule B _ Heuristic rule C Heuvrrute D COMMENTS
groups TCt 2 3 TC4 ™ | T < TC8 T | TCl0 | TC11 | TC12 | 1C13 | TCl4 | TCIS
(Tool Sets’
1 1.2 1,2 1,2 1,2 1.2 1,2 1,2 1,2 1,2 1.2 1,2 12 1,2 1,2 1,2 FMS Rua-
' : ning period:
2 3 3 3 34 34 3 3 k| 3 3 3 3 3 3 3 Three eight
8.9 8,9 6,7 6,7 12t021 { 12102t } 6,7 6,7 hour shifis
3 4 4 LI . * 4 » . . 4 4 4 4.5 .
4 L L) * ] * L . L] * s ’ s L] L] L]
3 6,7 6,7 6,7 6,7 6,7 6,7 67T | =+ hd 6,7 . . * * .
6 8,9 8,9 4 . * 8,9 4 4 4 . . . . 4 45
8.9 8,9 8.9 89 S§to1l] 89
7 10,11 5 5 5§ 1512021} 5 5 5 102l {8l jswitféwil 5 10t021
: 1001 } to11 | 10,11 § 10,11 | tO,11 | 10,11 | 10,10 5 : 121021 FM38 performance
121021 210 21|12 21|12t0 23} * 1210 21| 121021 | 121021 * 120 21112 10 21 * . * * {Total av] Max | Min
(Heuristic _rules)
Av.Mach. Uiy 0.808 0.807 | 0798 | 0846 | 0.873 | 0.807 | 0.795 0.3 0.872 {1 0.827 | 0813 | 0.887 | 0.896 | 0.93 | 0918 _
Heur.Average 0.830 0819 : 0.856 0.924 0.857 1 0693 | 0.795
|Binish.Assy .Sets 4 4 4 4 4 4 4 5 4 4 4 | 6 4 6 6
Heur.Average I 4 4 25 4.5 6 4.69 [ 4

LEGEND: FCFS - First Come First Served

1Z¢



Table 10.4.4 - Generation of tooling configurations from the basic one using
heuristic tool set combination tules under the MRPAS scheduling rule.

Tooling confi- Heuristic enerated tooling configurations
gurations | Initlal basic o COMMENTS
configuration Heuristic mule A Heuristic_sule B Heuristic rule C Heur.rulte D
Tool TCt T2 Ta TC4 TCS TC6 i TC8 TO9 TCl0 | TC11 | TCI12 | TCI3 TCi4
groups {Tool Sets)
i 1.2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 12 1.2 1.2 1.2 1,2 1,2 FMS run-
ning period:
2 3 3 3 34 34 3 3 3 3 3 3 345 | 345 [ 34,1011 three eight
10,11 10,11 | 12t021 | 12t021 | 121021 | 121021 hour shifts
3 4 . . * . 4 4 489 | 489 4 4,5 * . .
10,t1 | 10,11
4 5 5 . * * 5 - 5 5 56,7 5 * * . .
5 6,7 6.7 6.7 6,7 6,7 6,7 6,7 6,7 * 67 6,7 6,7 6,7 6,789
6 8.9 89 | 589 | 589 89 | . . 8.9 8,9 8.9 8,9 .
10t021
7 10,11 4,10,11] 4,101 . * 10,11 8,9 * * 10t02] | 101021 | 101021 * .
10,11 FMS Performance
8 121021 1210 21}12 10 21|12 10 2112 10 21 * * . ¢ . * . * 121021 [Total av] Max | Min
589 5
Av.Mach. Util 0.800 0.802 | 0.830 } 0.844 ] 0818 ] 0.876 | 0.889 | 0.906 | 0.912 | 0815 | 0.826 | 0.892 | 0.875 0.929 0.863 { 0.929 | 0.802
Heur. Average 0.824 0.896 0.852
Finish Assy.Sets 4 5 P s 4 6 6 6 6 5 5 6 6 6 5.462 6 4
Heur.Averape 4.75 6 5.5

Scheduling rule:

MRPAS - Minimum Remaining Parts in the Assembly Set

(443
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Table 10.5.1: FMS Average Machine Utilization and Finished Assembly Sets for 12
tooling configurations with MRPAS and FCFS scheduling rules under
randomized AS pasis release and deterministic ordered part release.

AVERAGE MACHINE UTILIZATION | ASSEMBLY SETS OUTPUT
TOOLING
CONFIGURATIONS MRPAS FCFS MRPAS FCFS
Random| Ordered | Random | Ordered [Random OrderedLRandom Ordered
Ulr Ulo U2r Ulo ASlr | ASlo | AS2r | AS2o
C1 0.352 0.376 0.856 0.8392 5 6 6 5
™ 0.852 0.889 0.870 0.388 6 6 5 5
TC3 0.873 0.906 0.877 0.894 6 6 6 6
TC4 0.200 0.912 0.903 0.907 6 6 6 6
TCS 0.828 0.815 0.844 0.828 5 5 6 5
TCh 0.826 | 0.826 | 0.821 | 0.794 5 5 5 4
<7 0.889 0.892 0.879 0.898 6 5 6 6
Lo 0.869 0.875 0.873 0.875 5 6 5 4
T 0.820 0.789 0.789 0.827 5 5 4 4
TCl10 0.835 0.822 0.799 0.813 5 4 4 4
TCil 0.867 0.882 0.872 0.887 5 6 5 6
TC12 0.870 0.890 0.871 0.896 5 6 6 | 4
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Table 10.5.2 : Variations in FMS Utilization and Assembly Set(as) Output
between the randomized AS part reiease and the
deterministic ordered AS part release under MRPAS and FCFS

Variation in Machine Utilization

Variation in AS Output

t = 2.201

Tooling MRPAS FCFS MRPAS FCFS
Configurations (x1i) (x2i) (x3i) (x4i)
TC1 -0.024 -0.036 -1 1
<2 -0.031 -0.018 0 0
< -0.033 -0.017 0 0
TC4 -0.012 -0.004 0 0
TCS 0.013 0.016 0 1
TCS 0 0.027 0 1
7 -0.003 -0.019 1 0
TC8 -0.006 -0.002 -1 1
yro 0.031 -0.038 0 0
TC10 0.013 -0.014 1 0
TC11 -0.015 -0.015 -1 -1
TC12 -0.02 -0.025 -1 2
SUM -0.087 -0.145 -2 5
Average (Xj) | -7.25E-03 -1.21E-02 -1/6 5/12
St.Dev.Estimate | 1.93E-02 1.91E-02 0.75878 0.79296
|_Itol _variate 1.3 2.19 0.761 1,82
1(0.025,11) : t test at 5% significance

Legend:

xli = Ulr -~ Ulo

: X2i=Uk -U2

(see table 10.5.1)
x3i = ASIr - ASlo; xdi = AS2r - AS20 (see table 10.5.1)
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Table 10.8.1 : Part mix A

Part type 1234|567
Number of parts
per assembly set 311t o)1)t

Table 10.8.2 : Part-Operation times of part mix A

Operation Times (min)
Part type
1st Opn. 2nd Opn 3rd Opn

1 47 | 43 40

| 2 53 27 20
3 53 27 20
4 15 - -
5 15 - -
6 9 9 10
7 9 9 10
8 7 11 -
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Table 10.8.3 ;: Basic tooling configuration, tool sets
and corresponding part-operations of

part mix A
Basic tool Tool Part
groups sets Operations

1 1 1.1
2 12

2 3 1.3
6 21

3 7 3.1

4 8 22

9 32

10 2.2

3 11 33
12 4.1

13 5.1

14 6.1

6 i5 7.1
16 6.2

17 72

18 6.3

19 7.3

20 8.1

21 8.2




Table 10.8.4 - Generation of improved tooling configurations through controlled and
restricted tool set duplication for part mix A - Configurations and FMS

LT

performance,
Tooling confi-| Initial basic Heuristic _generated tooling configurations under restricted tool duplication
gurations [configuration| Tool
Tool TC1 dupl.rule Heuristic rule A Heuristic rule D COMMENTS
groups (Tool Sets) TC2 TC3 TCA TCS TC6 TC? TC8 TCY
H 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 FMS running
: ' period is
three eight
2 3 3 3 3 6,7,3 6,7,3 6,7,3 3 3,10,11 hour shifis
3 6,7 6,7 6,7 6.7 * * * 6,7 6,7
4 8'9 8’9 * * » L ] * * *
5 10,11 10,11 {8,9,10,11 * * * . d .
6 12 t0 21 12021 | 121021 { 121021 12t0 21 §121021 | 1210 21 [ 1210 21 { 12 t0 21
16,11 §8.,9,10,118,9,10,11 8,9
FMS performance
7 * 1,2 1,2 18,9,10,1118,9,10,11 8,9 12 | 1,2 1,2
- 1,2 1,2 1,2 Minimum{ Best
Av.Mach.Util 0.672 0.8 0.791 0.809 0.873 0.879 0.872 0.929 0.924 0.672 0.924
Finish _Assy.Sets 3 5 3 3 5 5 5 5 6 3 6

Scheduling rule used: MRPAS ( Minimum Remaining Parts in the Assembly Set)




Table 10.9.1 - Generation of tcoling configurations from the basic one using two heuristic 1ool set
combination rules under the FCFS and MRPAS scheduling rules-Limited purpose FMS

8¢

machines case
Tooling confi-|Initial basic b & F S M _ R P A 8§ COMMENTS
gurations [tooling com ) .
‘Tool figuration Heuristic rule B Heuristic rule C Hevrigtic rule B
groups TC1 1o TC3 C4 TS T ? T8 T | TC0 | TC11 | TC12 | TCI13
{Tool sets) :
1 1,2 1.2 1,2 1,2 1,2 1,2 1,2 1,2 12 1,2 * * ¢ FMS Running
: period:
2 3 3 3 3 36,7 3 3 3 3 * b . *  |Three eight
hour shifts
3 4 4 [121021|121021112t0 21F 4 4 4 489 4 4 4 (12w
4 439 1 489 121021 4
4 5 * * * . 5 5 367 | 567 5 5 53 53
10,11 | 10,11 10,11 | 10,11
5 6,7 6,7 6,7 6,7 . 6,7 6,7 * * 6,7 6,7 6,7 6,7
10,11
6 89 89 8,9 . * 8,9 89 8.9 . 89 |1289] 1,289 1,289
1210 2112 10 21]12 10 2}
1 10,11 510,111 5,10,11 | 5,10,11 | 5,10,11 } 10,1} * * * 310,11 13,10,11 h .
8 12121 |12t 21 . - * * * * * 12102111210 21]12 10 23 .
: Sched.rules
{Av.Mach.Usi} 0.706 0.714 | 0.780 | 0.804 | 0.836 f 0.789 | 0.795 | 0.778 | 0.812 | 0.703 [ 0.734 | 0.721 | 0.806 F
Heur. Averape 0.784 0.794 0,74 C
Finish.A1sy.Sets] 2 2 | 1t | s { s 2 {2 1 2t s 2. 1 3 1 3 | 4 F
Heur, Average 3.25 -2.78 3,50 8
Av.Mach.Uti} 0.733 0751 ] o804 ] 0798 | 0845 | 0.792 }§ 0.82 ]| 0.75% | 0.804 | 0.711 § 0.729 | 0.759 | 0.788 M
Heur.Average 0.800 0.792 0.747 R
Finigh Assy.Sets 4 5 1 4 | 4 1 4 4 | 4 ]| 4 ] 5 4 | 4 1 4 ] a P
Heur,Averape 4.25 4.25 4,00 A
S

SCHEDULING RULES LEGEND: FCFS - First Come First Served ;MRPAS - Minimum Remaining Parts in the Assembly Set
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Table 10.9.2 - Improved FMS performance through generation of
tooling configurations using the Ungroup-Regroup tool
combination heuristic rule D-Limited purpose machines

FMS case
Tooling confi-|Initial basic Tooling configurations under
gurations |[tooling con- minimum tooling COMMENTS
Tool figuration
groups TC1 TC13 TCi4 TC15
(Tool sets)
1 1.2 * 1,2 1.2 FMS Running
period:
three eight
2 3 » . * hour shifts
3 4 4,121021 [ 4,12t021 | 4,12t021
' 8.9
4 5 53,10,1115,3,10,11{ 5,3,10,11
5 6,7 6,7 6,7 6,7
6 89 1,2,89 8,9 .
7 10,11 b - .
FMS performance
8 12 t0 19 i * * Minimumﬂ Best
Av.Mach.Util 0.733 0.788 | 0.818 ~ 0.835 0.738 0.835
Finish.Assy.Sets 4 4 4 4 4 4

Scheduling rule : MRPAS - Minimum Remaining Parts in the Assembly Set
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Table 10.9.3 : Calculation of the degree of balance, UT, of an FMS

Processing
Part pro- . .
. h time assignment
Part-opera- Machining quirenents “through the FMS
tions mix group where per Assy Set machining groups "
I Or part mix .
(min)
(min) Group I Group II
1,2 I 180 180 *
3 i 80 | * 80
4 I 52 52 *
5 I 67 . 67
6.7 )11 106 * 106
8.9 I 54 54 *
For each
10,11 I 40 . 40 Hlosdio
*- 18
121021 I 104 104 only 293
Total processing time per group (Ti) 3% 293 :?u;ofl
Number of machines in the group (M) 2 2
Aver. processing time per machine (Ti/Mi) 195 146.5
Maximum possible utilization, Ui, of 0.7513
each machine group i 1.0 |asssnss
Maxi possible g N 2*1.04+2*0.7513
theoretical FMS machine Z meu Ur= 22
utilization or Degree _.f._.__.............._....
of Balanceof the FMS UT : T g
Zm UT =0.876
g - Number of machine groups .




Table 10.9.4 - Calculation of the Normalized Utilization

TOOLING CONFIGURATIONS

TC1 TC10 TCil TCI12 TC13 TCl14 TC15
UTILIZATION 0.733 0.711 0.729 - 0.759 0.788 0.818 0.835
(MU)
NORMALIZED 0.837 0.812 0.832 0.867 0.9 0.934 0.953
UTILIZATION
(NMU=MU/0.876)

Basic Tooling
Configuration

Not applying the

Ungrouping-Regrouping tool.

combination heuristic rule D

Applying the
Ungrouping-
Regrouping

rule D

|$%7



Table 10.11.1 - Generation of tooling configurations using two heuristic tool set combination
rules under and MRPAS scheduting rule-Limited purpose FMS machines case

- Part Mix A

Tooling confi

Initial basic

Tooling configurations under restricted

AL

gurations | tooling con- tool duplication COMMENTS
Tool figuration [Too! duplrule Heuristic rule B
groups TC1 TC2 T3 gl TC5
{Tool sets)
1 1,2 1,2 1,2 1,2 1,2 FMS Running
period:
' Three eight
2 3 3 3 3 3,10,11 hour shifis
3 6,7 6,7 6,7 6,7 6,7
4 89 8,9 8,9,12t021]8,9,12t021] 8,9,121021
1,2 1,2
5 10,11 10,11 10,11 10,11 .
6 1210 21 12 to 21 * * *
FMS performance
7 » 1,2 1,2 . * Minimun{ Best
Av.Mach.Ulil 0.672 0.728 0.706 0.78 0.7717 0.672 0.78
Finish.Assy.Sets 4 4 4 5 4 4 5

Scheduling rule : MRPAS - Minimum Remaining Parts in the Assembly Sei
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.Table 10.11.2 ; Calculation of the degree of balance, UT, of the FMS
of Fig.10.9.1 under part mix A.

‘ Pat pro- mm:
Machining cessing re-
Part-opera- group where quiremcats mﬁe o Comments
tions mix processed per Assy Set & groups
or part mix (min)
(min) Groupl | GroupIl
1,2 I 270 270 *
3 I 120 * 120
6,7 11 106 * 106_
89 I 54 54 *
10,11 a 40 * 40
121021 1 104 104 *
: . For eaf:h
Total processing time per group (Ti) 428 266 :?foﬁn to
group |
Numnber of machines in the group (Mi) 2 2 there is
only 266
L ] min for
Aver. processing time permachme (TiMi) 214 133 group I
Maximum possible u.tilizarion, Wi, of 0.62
each machine group i 1_'0 (133214)
Maxi bl g 2*1.0+2%0,62
aximum possible * =
theoretical FMS machine ,-31 M Ui Ut 242
utilization or Degree =
of Balanceof the FMS UT : g
Z M UT=0.810
=l

g - Numbex of machine groups




Table 10.11.3 - Improved FMS performance through generation of tooling
configurations using the Tool Duplication heuristic ruls B-
- Limited purpose machines FMS-Part Mix B

Tooling confi{initial basic Restricted tool Restricted tool duplication
' gurations |tooling con-| duplication COMMENTS
Tool figuration
groups TC1 TCi4 TCl6 TC17 TCI15 TC18 TC19 TC20
{Tool sets) |
1 1,2 1.2 1,2 1,2 1,2 1.2 1,2,12t021]1,2,14t0t9] FMS Ruaning
period:
E Three eight
2 3 * * . . . * . hour shifts
3 4 14,12t021] 4,12t021 | 4,121021 {4,12t021} 4,121021 | 4,121021 | 4,12t021
8,9 8.9 8,9 8,9
4 5 5,3,10,11] 5,3,10,11 | 5,3,10,11 |5,3,10,11] 5,3,10,11 | 5,3,10,11 | 5,3,10,11
5 6,7 6,7 6,7 6,7 6,7 6,7 6,7 6,7
6 8.9 8,9 8,9 L] * * Y M
7 10,11 * ] * + * . .
FMS performance
8 1210 19 - 11 to 21 8,9,11t021 » 121021 * * Minimum| Best
Av. Mach.Util 0.733 0.818 0.800 0.314 0.335 0.835 0.824 0.841 0.800 0.841
Finish.Assy.Sets 4 4 4 5 4 4 4 5 4 5

Scheduling rule : MRPAS - Minimum Remaining Parts in the Assembly Set

-PEE
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Table 10.12.1 - Tooling cbnﬁguraﬁons composition

Bas.ic Toolin g Fll!l t0.0l
Tool Tooling ' configuration replicatiom
0o confienration TC2 TC3
groups TC1 |
{tool sets) (tool sets) (tool sets)
1 1
1 2 2 11021
3 4 4,811 1to 21
4 5 5,120 21 11021
6
5 -’ ] L 3
8 * *
6 9
7 10 * *
11
12
13
14
15
8 16
17 - *
18
19
20
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APPENDIXES
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APPENDIX 1

General Tooling Configuration Structures Generation

Process

This appendix is to show the genmeral process of tooling configurations

generation, table Al, which was the basis for obtaining the mathematical

equations presented in section 8.2.
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Table Al - Tooling configurations gemeration process

1 t G Grouping Mathematical expressions
a k G a G=ZG structures for the G values
B n :
1 1 1 1 1 Izl 1
1 1 1 1 Ixxt C(2.2)=1
2 1 1 1 2 Ixl txi 1
1 i 1 1 Ixxxi C(3, =1
2 1 3 3 Il txxi C(3.1)=3
3 1 1 1 L Il ixl ixl 1
1 1 1 1 Ixxxxi C(44)=1
2 1 4 xl Ixxx! C(4,1)=4
2 3 7 xx{ 1xx] C(4,2)2=3
3 1 6 § Ixi it txxi C(4.2)=6
4 1 1 1 15 I x) txd Ixl 1
1 1 i 1 lxxxxxl C(5.5)=1
2 1 5 Izl Ixxxx) C(5.1)=5
2 10 15 Ixxi Ixxxl C(5,2)=10
3 1 {1 Ixi Il xxxl C(s,2)=10
2 15 25 Ixxi Ixx} ixl 5+C((5-1),2)/2=15
4 1 10 10 Ixxl Ixi 1xxi
5 1 1 1 5% IxNxilxiixlixi 1
1 1 1 1 Ixxxxaxi C(5,6)=1
2 1 [ ] Ixl ixxxxxl C(6,1)=5
2 15 ixxl 1xxxxl C(6,2) =15
3 10 n Ixxxi Ixxxl C(6,3)/2 =10
3 1 15 Ixi B Ixxxxi 5+C((6-2),2)/2=15
2 15 xxi Ixxi Ixxi
3 60 90 Ixt Ixxx! Ixxt E
4 1 45 Ixl ) Ixxl Ixxi
2 20 65 Ixd IxI fxl xxxl T
5 1 15 i5 I Ixl &) ixl Ixx{
-] 1 1 i 203 ix} ix) ix} Ind Ix] ixP C
1 1 1 1 B
2 1 7
2 21 T
3 Kk 63
3 1 21 c
2 105
3 70 —_
4 105 in at
4 1 a5 o ————
2 210 Cla,b) = (a-b)! = b!
3 105 is0 i
5 1 35
2 108 140
§ 1 21 21
.7 1 1 1 877
A NID 50 ON
Legend:

t - Number of ool sets

a - Number of tool groupe ia a Tooling Configuration
k - Number of different grouping structures with the game

number of teol groups

G - Number of iooling configurations within the same tool grouping structure
G': « Number of wooling configurations with the same number of n tool groups

formed from t tool seis
t

E G:l - Total number of tooling configurations formed from t tool sets

n=]
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APPENDIX 2

Typical Model Input and Results Output files
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Fig. A2t
********************************
%* INPUT DATA AND RUN FILE *

e 4 de e e e e ok ok e e de de ok e e e do e e ok de e ke e de e ke e ke e

*C SITAM1 |
*EXECUTE 1,50,300 SIMTIM=1440
DATA TO BE READ: :

MCSYST 4
NFMC
2
2
2
2
TGRSYST 7
TGRTYP TSETQTY TSETKIND SIZE
1 2 39
1
2
2 1 37
3
3 1 36
4
5 2 39
6
7
6 2 34
8
9
7 3 38
5
10
11
8 10 40
12
13
14
15
16
17
18
19
20
21

*STOP
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Fig . AZ22
dcickdcick Rk ik Ik kdkkokioick ik kx

% RESULTS OUTPUT FILE *
Tekkdkikokkickkicioicickick ko ook

Bt o o8 TCH T8 0 T 00 O S S o 30 83 B o

FMS SYSTEM MAIN VARIALBLES :

SIMULATION TIME s 1440
TULDUPL = ¢
HUMB. OF QPERATORS = 2
NUMS, OF MACHINES = 4
MACHINE 1 1S OF TYPE 1
MACHINE 2 IS OF TYPE 1
MACHINE 3 IS OF TYPE 2
MACHINE 4 1S OF TYPE 2
NUMBER OF BUFFERS :

AT MACHINE 1 = 1
AT MACHINE 2 = 1
AT MACHINE 3 = 1
AT MACHINE 4 = 1
NUMB.OF TOOL GROUPS= ?
NUMB. HAND. DEVICES= 1

GRIPER POSITIONS :
OF HAND.DEV. 1 = 1

RULES FOR SYSTEM OPERATION:

CONTROL RULE DAY SHIFT MID SHIFT NIGHT SHIFT

PARTS RELATED 18 18 18
FIXTS.RELATED 0 0 0

JOBCASSY SET\BATCH)/ ‘
RELEASE RULE 0 0 o

LEGEND

EW WA

PART RELATED RULES
RULE 1 = FCFS
RULE 18= MRPAS

FIXTURED PALLETS RELATED RULE
FXRULE O = HIGHEST PRIOR. PART CLAMP. RULE

JOB (ASSEMBLY SET/BATCH) RELEASED RULE
RULE O = JOBS RELEASED IN A FCFS BASIS
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LOADED SETS BY TYPE
CELL FREQUENCY
1 Bidcdedododokk

LOADED PARTS BY TYPE

CELL FREQUENCY
1 6%k tciricicicicicicickk kkk

D00 NN

FIXTURES IN SYSTEM BY TYPE

CELL FREQUENCY

TYYYTEEY

DISTRIBUTION OF PROCESSING TIME PER MACH.OPERATION

CELL FREQUENCY

20 &iricick
30 Lickkck
40 ThEkIXTR
50 Gkkikicickk
&0 Sk
70 Ik
80 &kikickk
90 Gicicicicick
100 3kkk
110 Tkckcicick
120 0
130 k%
140 0
150 0
160 0
170 0
Gk

MEAN PROC.TIME MACH.OPN.-PALLET SET-UP 75.166654
ST.DEV.PROC.TIME PER MACH.OPN 40.352237



DISTRIBUTION OF i’ROCESSING TIME PER OPERATION
OF ALL PARTS LOADED INTO THE FMS SYSTEM.

CELL FREQUENCY
5 Bktkiiick®

10 5 &k knkickiiooiociok koo i ek dookcoicdoioicicoke ook ioioek

15 165kt k ki kik st

1ERERRIEIRTKEARRYR
25 16kkkihiikidokkiihk
30 0
35 0
40  16kikiickkbickickioks

MEAN PROC,TIME PER PART OPN. 28.333330
ST.DEV.PROC.TIME PER PART .OPN 18.295403
X=X =K K=K R K=K X=X =K =X =X =K =X =X =X =X~ X=X =K~ X=X X = X=X

FHS- PERFORMANCE MEASURES

UTILIZATION OF OPERATOR 1 IS .54
IN TOOLING AREA .1138
IN CLAMPING AREA .426
UTILIZATION OF OPERATOR 2 I3 .45
IN TOOLING AREA .103
IN CLAMPING AREA ,354

TOTAL AVERAGE OPERATORS UTILIZATION = .50M

IN TOOLING AREA
IN CLAMPING AREA
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MACHINE TAPE UTILIZATION OF MC
MACHINE TAPE UTILIZATION OF MC
MACHINE TAPE UTILIZATION OF MC
MACHINE TAPE UTILIZATION OF MC

TOTAL MACHINE TAPE UTILIZATION= .7506

UTILIZATION OF TOCLGR
UTILIZATION OF TOOLGR
UTILIZATION GF TOOLGR
UTILIZATION OF TOOLGR
UTILIZATION OF TOOLGR
UTILIZATION OF TOOLGR
UTILIZATION OF TOOLGR

1= .77
2= .27
3=.25
&= .5
5= .26
6= 4b
7= 47

TOTAL TOOL GROUP UTILIZATION = .4289

TOTAL UTILIZATION OF HD. 1

UTILIZATION OF THE HD.
UTILIZATION OF THE HD,

feww

.897
.863

.633

1S /7 444

1 IN PARTS HANDLING = bk
1 IN TOOLS HANDLING = .000

TOTAL AVERAGE UTILIZATION OF HANDLING DEVICES = 444

IN PARTS HANDLING
IN TOOLS HANDLING

R
.000

TIME UTILIZATION OF THE FMS

MACHINES PROCESSING CHANGING WAITING TOTAL UTILIZ.
TOOLS/UPS
1 1293 1 46 1440 .89
2 1263 68 129 1440 86319
3 876 3% 530 1440  .60833
4 2 85 443 1440 .63333
4 4324 288 1148 5760 75049
HDEVICES
1 640 800 1440 46644
1 640 800 1440 44444




345

MANUFACTURING OQUTPUT

PROCESSED WORKPIECES

TYPE QUANTITY
FINISHED IN PROCESS

1 10 6
2 6 2
3 5 3
4 5 3
5 7 1
6 7 1
7 6 2
B 6 2
9 6 2
TOTAL... 58 22
PROCESSED WORKPIECE SETS
TYPE QUANTITY

FINISHED IN PROCESS

TOTAL. .. 5 3

THROUGHPUT TIMNES

HIST OF SET THROUGHPUT TIMES

CELL FREQUENCY

750 Sdork
as0 0
950 1*

1050 1*
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HIST OF WPS THROUGHPUT TIMES

CELL FREQUENCY
50 et
150 Qcirickdciokick
250  10%dckdoodckk
350 Qiciricicickcleik
450 Okkkkkkhkk

550 Lk
650 Lakkk
750 Girkickick
850 0

950 4Lxxkk

MEAN OF WP THROUGHPUT TIMES® 425.86201

HIST.ASSY.SETS THRUPUT TIME INDEX(ASTTI)

CELL FREQUENCY

10 1*
12 2%k
14 2kx

MEAN ASSY. SET THROUGHPUT TIME INDEX= 12.399999

WORK IN PROGRESS

HIST OF WIP OF PARTS QUANTITY

CELL FREQUENCY
10 S0xkkk kLt ik
1% 3Ok

18 413dkkckinkiokioickinkdk ik ko ik ki dokinickkoriockk ootk ook R ok oickdock ook dock

22 4BR%incdriicioloinnionkoi ookt sk dorinek ook ko ok drirooink Aokt ek coiodo ook ook
26  LOSTcrr ook ok oo ook Sk kA k ok ok e ek kol ik koo koo

30 59tk

MEAN WIP OF PARTS QTY= 21.724998  PARTS
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300

400 :

500

m .

700 327ikkkinrkikbnbaonbioninrn ko ook ke ek
8OO

900 -

000 .

HIST. OF THE TOTAL TIME WIP

CELL FREQUENCY
17 2cickdckkicioinkc ok kok koo doiokoiokocoicdoick k kdok deokeok

1

MEAN TOTAL TIME WIP = 730.76379 MIN

AVERAGE WP PRODUCTION RATE= 2.4166667 WORKPIECES PER HOUR

DISTRIB OF TRANSPORT TIMES OF PALLETS TO AND FROM MACHINES
CELL FREQUENCY ’
2 Sik
& 1247ckikaiickdiiokkicokcccckicnickido ook eIk
6  IThrkkkickkickikiiiocok '
8 3*

AV PALLET TRANSPORYT TIMES = 4.4
STAND.DEVIATION TRANSPORT TIMES = 1.0

CLAMPING  WAS STARTED 170 TIMES
UNCLAMPING WAS STARTED 150 TIMES
MACHINES WERE UNLOADED 58 TIMES
MACHINES WERE LOADED 64 TIMES
MACHINING WAS STARTED 60 TIMES
CHANGTOOLS WAS SUCCESSFUL 17TIMES
POOLMCS WAS SUCCESSFUL OTIMES
UNPOOL WAS SUCCESSFUL OTIMES
UNLDMAGAZ WAS SUCCESSFUL 13TIMES

LOADMAG WAS SUCCESSFUL 17TIMES
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APPENDIX 3

Computer Simulation Experiments - Detailed
Representation of the Tooling Configurations Generated

This appendix is a detailed representation of the gcxﬁ’ation process and
tooling configurations presented in chapter 10 on computer simulation -

cxperiments.




Table A3.1 - Generation process for tooling configurations of the table 10.4.3

SCHEDULING RILE: FCFS
TOOL COHBINATION HEURISTIC RULE: A

FRS with similar Multl-purpose Machings

[ =l 51074

ene.| TCI | Toum, TeNof T2 | TEUWL 16 || Tes | Teum. wrell Tca |raum tom. || ves | veun
Tool sel4
Q12 | os4 01 1E: 093 ®“ 1.2 094 0} Y 098 Oz 0.96
@1 033 @ 033 @lis 031 ] @1 3409| oo Q1 3409 | 0s3
ol« |=| | o |=q| o |- ol |- || o |
ol [=Tl o} |-1{| o |- ol- || |e| |
@l e 08 ®ler 0s1 ®jler 050 QOf o7 o8l ®fl o7 083
| es | o © ] oo ‘028~ ©flacs | o ol - . el .
‘ - 0.43 0.39 31011 | o
@1 o o @O lison] o @{la.10m @ff swon O taen | o
@ | 12102] oas @) || 121021] oa9 ) ] 12t021| o037 ® rnoan 089 . .
Av.HechUut a 6.000 Av.MeCh.Util = 0.807 AytachUtil = 0.793 Av.rachutil = 0.073
Fifished ASE = 4 Finished ASs = 4 Finished ASS = 4 e 2 %04 Finished ASs = 4
~ g o E N E
§ E £ : e 1.2 67
(] K
H o] T |2 > 2 e
2 =1 |8 | 510,11
§ 71 E 3409 121021
L
s [ TCH Tc2 T TC4 TCS
1 3 (wPR) whe (WPR) wPs | {WPR) wrs] (WPR) wes | (WPR)
e EIN ' s ! 3 ' ) ) )
B E * 12 q 2 4 2 7 2 o 2 8
3 1 s
-j 9 3 1 3 7 4 3 4 3
4 [
1] Vil a 7 4 7 4 4 4 4
I3 & all o 7 “ 7 6 8 ) a [ o
7 4
PRRTITY S | . 7 7 (] 7
L 4
szl ol s ol ¢ 7 s s a
2021 off g s N 8 ’ o 9 8 9 6
Totol wes| s9/21 Totol wPs | 82/18 Totel wps | 63717 Totoi wes | c6/24 wes | 60/30
Fin/wip Fin/wip Fin/wip Fin/wip Finfwip

67¢



Table A3.1 {cont.} - Generation process for tooling configurations of the table 10.4.3

0S¢

SCHEDUL ING RULE: FCFS EFMS with simitar Hult)-plypose Machines
TOOL COMBINATION HELRISTIC RULE: B . I IE E':z] [E Eﬂ
|
o Tou 'rsml T | TeLAN. TeM. J] ver | TEum. teNo. | TCo  [TELWMNL T6MNo. | Tee | Toum,
4 B
094 Gl 12 093 O v 094 (G {r2 | oses Q|2 0963
033 Gl s 033 Q| s o3 7] 1@ | 507 | osss @ | 387 | osse
o« =TIl of {-|llel- |- 1|e] |-
=T i Gl -l ef- |- el |-|]|e] |-
031 G|l s o1 0] KX oo 1R |- . OB K .
026 Gl oo 026 ©Off 409 | 0w @ |aes | o3 © | 409 | oe2
.19 ] i 510,11 043 10,01 037 EL A Y
0.19 Gl sion om0 @ Q@ [zw0n _ @ | o | 05
0,45 (o}l 121021 o0 121021 037 @ | 1a0n1] 036 ] ®|-" .
AvMachUiit = 0.600 Ay Fachiri) = 0.807 Av.MechUtil s 0.793 Av.HechUUN = 0.759 AvHachUUl = 0072
Finished ASs = 4 Finished ASS = 4 Finehed ASS & 4 Fintshod ASS = 5 Finlshed ASS = 4
6 WPR———i
I H "Tm WPR—oeme B 4
T] ~ . & ° L ].Tﬁ VPR g n - 1 ‘i
= di18 : 5 i . 2 B LT | °
+ 3 e 2 'n =Ll N1 = 47 oz .
1012 7 2 s 'H Eis
-1 2 m 2 H el s 8,10,11
I — ™ B v 2 409 1210 2)
H 1, H 1 H ' H 1
L 2 s lPe TC1 TC8 wee | TE7 TCa TC9
WPt | (WPR) wes|_(wPR) {WPRY WPl (wpR)  wWPs | (wPR)
E’B ! 6 1 6 1 3 ) 6 i 6
G E of 2 4 2 4 2 7 2 [ 2 [
j "3I 5 ¥ 3 7 3 4 ] 4 3 6
L 1) 4 7 4 7 4 4 a a 4 6
$2 o o} S 7 L] ? ] 8 s (] 5 0
13 e o) & 7 6 7 0 ] 6 o [ 8
14 16 18]} 7 3 7 6 7 7 7 (] 7 4
1317 194} @ 5 s 6 8 7 n s o 4
[ 20 21 e)] 9 s 9 6 -] [ ) 0 9 [
Toeiwps | s0/24 | Total wrs| s2/10 Total whs | 83717 Totol whs] eas24 Total wPs | eos30
Fin/wip Fin/wip Flndyie Fin/wip FIn/wip




Table A3.1 (cont.) - Generation process for tooling configurations of the table 10.4.3

FT13 with similer Multi-purpase Hachines

SCHEDUL ING RULE: FCFS
TOOL COMDINATION HEURISTIC RULE: € " EI sl ha
. 1
Teno.| _ TC! | voum ToNo |l TCIO] TEUM. Tene. ] Ten] Teuwm TeHoff TCI1Z ] TG wholl  Teas | Teuw
O |2 084 iz 054 Off r2 093 Qf 0.955 o[- 0963
Qlis 033 @lls 033 Qs 033 Q || 31202 o922 Q@ [ 31202 oses
Q4 026 Ol 028 Ol 030 oL 032 ] Q fas orse
Qls 024 @l 025 Qs 0.18 Gl:s 037 ¢RE -
(3 {sr 05t @ || sz 051 Q- - ol- . @l .
@ |es | o028 ] ef- . @f- . @f- . @{- .
G 10,11 019 @ swtl 0.45 - @ 6to Ll 093 @ Gtotl 0556 G Bloth 0.956
@ 1210 23] 945 @ 121021] 052 @ 12w21] 083 @ " . @ - «
AVHOChULH = 0.608 AvHachUti = 0.827 AvHachull) = 06133 Avnechutll = 0.287 AvrtachUtil = 0.056
Finished ASE = 4 Finishea ASS s 4 Finished ASY 2 4 Finishats ASS s & Finished ASS = 4
._ITTG“PR > A LI—TBWPR-—b H ‘
1dle n | 4=T5 WPRamfp T6 WPR-0>
L A1 8 l = B L r o LT, H 1.2 3.|2ton|
5 ~ 5 o & 1 g
0.3 ’ 2 ! 0 > ’ ! g. ; ] E '.3
I ol E [ 5 g = r{lE K sto1l |
° ; ! 5 w L
H nTy H L] H 7 —
) |
+ 2 3 oo {[ 7 T wes| TEM TC1Z T3
WPe | (wPR) wpa]_(WPR) (WPR) WPel_{wPR) wrs | (wPR)
EE A ¢ 1] e I 6 | 6 1 s
3 B o] 2 4 z}) 4 2 4 2 [ 2 a
s [ IRA | s 7 s{ s s3] s s| 4
L o« 7 al 7 a| s al| o al|l a
12 & off 3 7 s ? 5 L ] o 5 [
13 ¢ #)|] 0 7 e 7 6 o s 8 6 o
14 18 10| 7 3 7 s 7 6 7 1 7 7
15 17 19 [} 3 ] 6 a -] L] 7 8 7
20 2% sif 9 5 g s . ™ 7 ¢ ] 9 a
Tot wes] 59/21 |  Totodwps, 082/26 Totet wpg, 63/23 Totet wps, 70/20 Toto) WPs| 66/24
FIn/wip |_Fin/wip § Finswinf | Finvwip Findwin

15¢
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Table A3.1 (cont.} - Generation process for toling configurations of the table 10.43

SCHEDULING RULE: FCFS

FMS similar Multi-purpose Mechs,

Av.MachUtil = 0.872

TOOL COMBINATION HEURISTIC m | mz ||z | | ma
RULE: D
TGNo. || TC9 | TGUtL TG No. " TC14 |TG UL TCIS TG U,
@ | 12 0.965 QO Il 2 0.96 QO | 12 0.80
@ |l 357 0.956 @ 1,6.7 0.95 ® 3.67 | 0963
@ - » @ » » @ - -
Q|- . @ |- . @t I
@ » » @ » » @ » “
©® || 489 | o062 ] ® || asw011| o84 @ || 4585 |o9ss
@ ?-2’&2'!‘ 0948 @ | s.12021| 094 ® |l1ot21 | osss
@ = » - - - -

AvHMech.Util = 0.93

Av.Mechtil = 0.918

Finished ASs = 4 Finighed AS3 =6 Finished AS3 =5
Heuristic Rule D:
1,2 36,7
Ungroup TG No.7 and group >
basicTG No.7 Lo TG No.6 .
48401 I5.I2 to 21 12 3.6.7
Ungroup TG No.7 and group » 45,89 1010 21
besicTG No.4 toTG No.5 "
TCS TC14 TCIS
wps |_(WPR) wesg | (WPR) wPg | {WFR)
1 5 ! ] 1 8
2 6 2 8 2 2
3 5 3 B 3 7
4 6 4 7 4 2
5 8 ] 8 S 9
8 8 6 8 8 9
7 4 7 ] 7 7
8 4 8 6 8 7
g 8 9 7 9 8
Total wrs | 60730 Total WPs | 70720 Totat wPs | 73/17
Fintwip Fin/wip Fin/wip




Table A3.2 - Geaeration process for tooling configurations of the table 10.4.4

SCHEDIK ING RULE: HRPAS
TOOL COMBINATION HEURISTIC RULE: A

Fii5 similer Multi-purpoge Hachs.

T

TG No. Tn:f:m T8 L. Tamﬂ YC2 | TGUtH, TeMo. I Tcs | THUML TG Ut veme |l Tes | Teu

0] RE 050 O} o2 o9l 0} 093 056 () " 12 0943
3.4

Gl s o33 0] K 033 0] (5 033 . 077 @ |6 | oree

of+« |t | Of |- of |- el |

Qfs | o= e [l e |- ' all- |

Oft e | ost ©f o7 | oso 0)|:Y 033 053 O || e 0891

0] KX 0.28 @f o 0.18 @f 893 05y 057 ® | " .

- @Y o | o] ® atoly 039 @|f+ron | one H : €] ;” )
@l 1202} oa @) | 12wz on (®|12w2t] o34 050 (® {| 12021 | 059
AvFischUtl) = 0.000 AvitechUti) s 0.002 AvtachuUull = 0.030 AvHachUti} = 0.644 AVHISChULIT = 0.810

Finished ASs x 3 Finished ASs » S Finished ASE = 5 Fintshed ASe = 3 Finished ASs = 4
N i
g t !— : y LY 2 ~ L l
v |5 5[ E g 3 B gle Combine: 12 |sas0n
L £ F P 3 [ [oos
: 2RI e s e
. 2 8,
H H y Lt 1210 21
LH IR T2 wre| TE3 TC4 TCs
{WPR) wes |_{weR) (WPR) WP | (wPR) WP | (wPR)
1 3 ' 5 H 6 [] [ 1 6
2 E] 2 5 2 6 z 7 2 6
3 3 30 s 3 s 3 5 3 )
4 3 al s 4 s a 5 4 5

12 s oif 3 7 ] 0 ] ] 5 7 ] 7

13 ¢« o] 6 7 8 ) [ [ [} 1 8 ]

asef] 7|l e 1| s 1] 7 7| 7 7 4

is 7 9|] o] o el s s | 7 8| 7 L 4

20 21 of] @ [] 9 s 7 9 7 9 [

57725 57/26 63/25 64/26 ses2y
Fin/wip Fin/wip Fin/vwip Fin/wio Fin/wip

39




Table A3.2 (cont) - Generation process for tooling configurations of the table 10.4.4

SCHEDULING RULE: MRPAS

FNS with similar Muiti-purpose Hachines

TOOL COMBINATION HEURISTIC RULE: B ml |2 nsllna
Te m" TC1 | ygum Tene. | Tes | TEWLN, 6 No. ﬂ Ter | TetmL "m nolf Tce rsum. 16 Mo, H tee | Teumn
QO 12 0.50 Ojrz | ose Oz | o O0R RE! 096 0] u 1.2 092
G i 3 o33 T (@ Y| 512021 092 @ 312002 052 T @ 3azt021| 092 @ 3121021 097
Gl 4 0.23 ©) '1 4 028 Ol 023 © [ 40wt { 070 @ | st | oo
@il s 0.20 @ys 030 @is 032 @l 041 '] @ liser ] ose
@ 6.7 @351 @ 6?7 062 @ 67 053 @ LX) 054 @ - -
@]l e 0.26 @® [oe 022 -] ® s |° |- . Ql- .
(-D 10,11 0.47 G) 10.11 ¢l8 "] (7) ?0., 1 0.44 4 @ - - (-D - -
@il 22| oar | . @1 - . Ol . @ E . .
Av.Fach.utt) = 0.600 Av.Fach.Un = 0.676 Av.Hach.Util = 0.089 Av Hachutil = 0.906 Av.Fachulil = 0.912
Finlshod ASe = 3 Fintshed ASs = 6 Fintshad ASs = & - Finished ASs = & Finished ASS = 6
1 ; H T6 WER—B=
| -1 ° L-[_ 7 WER—Dmy lmim Cormbine]
= = TG WPR—P>
E 6L, E ] = 3 ! L T M, and
2 y : 3 4P joiR, = o . 1.2 36,7
P 2L 4 7 s; H g = 22000
- L) Tond3 3 .
2 § z 1 _ B ImE “5-‘ oo s.l::.n
W w Lt 1 w L 8, 12t0 2)
N I“"')l T TCS weel 17 TCo Tc9
WPt (WPR)_ WPe L (WPR)_ |_(wPR)_ wPe| (wPR) WP | (wPR)_|
B:;I B ! 3 [ s ' 3 i ) 1 ¢
B G sl 21 3 2] » 2 7 2| @ 2 7
'j | 3 5 3 ) 3 [ 3 ? 3 7
7 njj 4 ] 4 6 4 6 4 ? 4 7
12 & off 3} 7 s1 o s ° sy 9 s )
i3 o o} 8 Y s]| = 6 ] 6| 9 ) 7
14 1818]] 7 ] 7 7 ] 7 7 [ 7 13
is17 9| o s 6 7 Py ? 0 5 8 7
20,21 eff 93] ¢ 91 o 9 ) 9| 7 9 7
Tolot wpe] 57/23 Tolel wos | gas22 Totol wps | 69/21 Totel wps | 71449 Totel wps | 70/20
Fin/wip Fin/wip Etn/wl Fin/wip Fin/wip
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Table A3.2 (cont) - Generation process for tooling configurations of the table 10.4.4

FriS with similar Hultl-purpose Mechines

SCHEDULING RULE: MRPAS
TOOL COMBINATION HEUR{STIC RULE: C I k) IE @

76 No. T6 UL, Tene ]l TC10] TRun N8, || Ten] Toum Tenal] TC1z2 |T6uUtm Teno. f ToIs | Toum
® 090 0] RE: 094 Of 12 084 Off 12 096 O 2 008
@ 033 @ 3 033 @ 3 033 1 J @ 343 094 @ 3.‘.5 0.94
@ 023 @ 4 0.25 ] @ 45 067 | Of6- " @ . .

@) 020 @ s 032 + ® . - G- . o} I "
) 051 0] | KX 034 O ez 058 O o os6 QO o 05
® 026 @ 89 022 @ o9 024 @ 09 022 ] ® || 2wz | os4
® 017 ":l @] towzr| oss @[ 10| oe2 @ || 1w | 0174 @f-" .
047 - - L) @ - - @ - - @ - -
AvriechUtil = 0.600 AvrischUtit 2 0813 Av.Mach.Utll = 0826 AvHachUtl = 0.092 Av.Hach.ULi} = 0.876
Finished ASs = 3 Finishad ASE = & Finighed ASs = 6 Finished ASS = 6 Finished ASS = &
Ll‘“ "";R e A — T6 WPR—p» 4 T
BE st r ' 6 WPRelpr T6 W e
Tls Je ol lo L PRy
o] HHS i L 5 g L r __T o) 2 1.2 343
5 o 13135 " ¥ : = -
H s A *la H 4}y 'g' 1 112 2 " H 5 ] » .
2 z 1 IRIR e 7 a o024
s B 3] vz g 8.7
7 3 g TR [ L
H L H I ' H !
Rl | T TCi0 wee] TEIE wee| X612 Tcis
(WPR) wrsl twemd {WPR) (PR} wPs | (wer)
[:_;_I E i 1]e 1] e 1 6 1 |e
EIEIBEE 2 |7 2 | o 2| e 2 | 7
‘ 0 10! 3 s sls 3 3 3 ° 3 7

1llelfa | 4 ] als als 4 6 a 8

12 ¢ off s 7 s |9 s | 7 5] ¢ s 7

15 ¢ o] 6 ? 6 7 6 7 [ ] s &

14 1818} ? [ 7| 7 El 7 4 7 [

15 1719]] 8 ] 8 5 e 5 ] 7 8 -3

20 21 o]l 9 ) 9 ls g]s ¢ a 9 )

Total wPs.| 57/23 Tolel wPs] £0/25 Totsl wps] 50/25 Totel wPs] aa/22 Totol WPs.| 54/26
- | Fin/wip Fin/wip Fin/wip Fin/wip Fin/wip
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Table A3.2 (cont.) - Generation process for tooling configurations of the table 10.4.4

FMS similar Multi-purpose Machs.

SCHEDULING RULE: MRPAS

TOOL COMBINATION HEURISTIC RULE: D 1] M2 [ma] [ma ]
TeNo. | TCs | TG Ut TG No. I‘ TCS TG Util.
G‘ 1,2 0.945 G‘ " 1.2 0.965
3,4 : 3,4
(z Qo0 |O7% @ [[3o0q, |oes2
(a y * {3 II . -
(4 ) v (¢ * .
(5 8.7 0.5 (5 8.7,8,9 | 0.950
. (6 - - (s - .
(7 ‘ * (7 - -
5,8,3 5
(3‘ 12ta 24 0.948 . Ls‘ 12t0 21 0.948
Av.Mach.Utll = 0.818 Av.Mach.Utl = 0.929
Finished AS3s = 4 Finished ASs = 8

Heuristic Rule D :

‘ 12 | oty
Ungroup TG No.8 and group > :
basicTG No.8 to TG No.5 12 to 21

. 6.7.8.9 5
TCS TCS

wps | (WPR) WPs | (WPR)
1 8 1 s
2 6 2 8
3 6 3 7
4 5 4 7
5 7 5 8
8 8 8 8
7 4 7 8
8 4 8 6
9 6 9 7

Total WPs 56/27 Total WPs 85/31
Fin/wip Fin/wip




Table A3.3 - Geacration process for tooling configurations in wble 10.8.4

PART MIX A
SCHEDULING RULE: MAPAS
TOOL COMBINATION HEURISTIC ALLE: EA

FMS with similar Multl-puposs Machines

[or] [ ] [ws] [ue] |

TCH
16 mﬂmﬂ sera} TO UL

[
1ane]| Te2 | TAauw

TG No. Toy | TG ul

! |
TaMe | TC4 TG UL

TaNo. | 1Cs TG by

Gt s |oo
(] &7 | os
(e j| 80 | 022
(s || 10.1] 0.6

(e | 121021 050

(1 . .

Ol [ RE 0.53

(0 12t021 | o.54

(|12 o.68

|

(|| 0.41
(|} e? 0.58
{+ || 80 0.28 -

{s j| 1011 { 0.18

Tl IR 0.02
z ]] 0.48
(a 8.7 0.58
«ll- .

{s [[own] o304
(s }| 121021 0.52

(2 i 12 0.25 .

< 1,2 0.n

8.7 0.51

] 3 0.47

(>
(¢
(s
(e 121021 | 0.57
U

» to 1] 098

G 1.2 0.963
(2 9,6,7 0.983
I I )
¢« | ]

O |

(e 121021 [ 0.81

Gl e | oos

Av.Mach.tl = 0.872

Av.Mach.Utl » 0.600

Finlahed ASs =5 0.791

Av.MachUth « 0.008

Av.MachUl = 0.073

LSE

Finished ASs = 3 Ficishad ASs « § Finshed ASe = § Finished ASs = &
L 5. L "
4
Heuristio E Duplicate: A I ~ 2[2. | 1.2 1.2
{Tool Duipl- |* | 1Gpn, § ' 8, ol o 8011
catlon rule): 4 s s I e | i
3 — ! 3.6,7 [[121021
W LL H T 8 :
| Oprs W ot 1c2 ca C4 TCs
WP
P29 WPR (WPFY WP (weR) Wesl weey Wee | tweR)
E]E 1 3 1 5 1 5 1 5.8 ' 5
. '_.‘ w6l 2 s 2 & 2 s 2 6 2 s
7 @ ] s ] s 3 [] 3 L 3 [
N+l 7 | 8 « | s 4 . a0
. Ll s 7 5 ’ 5 7 s 8 5 s
14 16 181 7 [ 7 [ [ ] [} 7 [ L
157wl 7 7 7 4 7 s 7 7 7 '
o0 21 off & i 7 ] 7 8 [] & L s L]
Total WPy  58/14| Totd Wps| 64718 Total WPs| 59721 Total WPH 87112 87/23
| Flnwip Fin/wl Flnjwigl Finiwip Flniwip|




Table A3.3 (cont) - Gencration process for tooling configurstions in table 10.8.4
FMS with similar Mulil-pumposse Machines
Rt ] ] (ol |
Tcs | T8 l"'-l mm! s | TG Util.l mmﬂ Ter | Ta uul TGNa, | TCH I'ro ua. mm.:‘ Tco | TG U,
1.2 | o9ea ol 12| ese (G 12 ] on a 1.2 0.64 ol 12 | o4
3.6,71 o.0s% (z 387 | ose (2 | se7 | obs ] (2 3 0.52 (. 3,10,11] 0.74
) ) {s ’ . ¢l - B i 8.7 | oes (s 8.7 | 088
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. . (s . . (s . L R N . . (s . .
o KN TR IR N 1 Il ] et I O il S R PR
siotr| 0954 G [{aes | o201 @) re | o G 12 o4 1 'e'ﬁz 0.67
e N =Tl I el O Wl
Heuttlo 0: Heurlastio D: Heourlatls D: Heurtstie D: ‘W
. : . . Y
s | > et | > e | > v | > =
group basis group basko basla TG No.2 ' group basic 1210 21
1G No5 1o TG Nod o and basio 16 NoS i CRTATH | o
TG No TG No.s TG No3 TG No2 .
T | 107
1 ™y lwes (IVCPEH} WP (Lc:ﬂ WPs | (WPR) Whs (1:;3) Wes _m:ﬂ) ]
MNE 1] s 1] s i | e N
TTT 2 8 2 s 2 & 2 s 2 s
7,0 11} s L 3 s 3 s s | s 3 ¢
12 0. of 4 8 4] 8 L s | a P
13 + of 5 s L s 5 s s 8 L] ]
wwwl|ls| ® IR s | ¢ e ] s s | 7
517wy ?7] 1| LA I 7 s 1 |5
2021 |0} 8 0| ¢ s | 8 s | 7 s |7
Tosiwps | 67/231 Towiwes| ssr2o0 Towal WPs 84724 Totsl WPe | 83727 69/21
Elntwip Fin/wip | Flarwip Finiwip Elniwip




Table A3.4 - QOeneration process for tooling configurations in table 10.9.1

TS wilh Limded Furpose Machines
SCHEDULING FULE: FCF6
TOOL COMBNATION HEURISTIC RULE: B lm |uz @E '
TaNa T:o“:"n” TG U, o || ez |raum an. f| 1ca | yaum, TN J| Tod | Touw tane | tes | Taum
G 12 0.8% (i 1,2 0.81 (i 1,2 0.0 Q 1,2 0.04 (; 1.2 0.94
|l 0.23 ¢ | 0.3 ¢ |2 0.93 2 [ 033 ¢ e [ser |oss
017 T 4120021 083 489 |55 489 |07
(¢ j AL B O | ¢ 0.03 [CHE Py ¢ iz
" s 0.09 - “ - . “ - . “ . . " . .
G e 0.59 ¢ (e 0.53 G fle7 0.58 s Je7 0.60 ¢ . .
(e {los 0.22 (. s Joz2 (a 89 014 ] {o . * G ' N
G {ronn | oe] ¢ |50 |0 g |50 {on {r |sr001 Jose ¢ 510,11 | 0.45
(¢ frzoa| o (¢ {l1zw2nloss T | (o | . e [ i (¢ §° i
Av.Mach Uil = 0.708 Av.Mach.Utl = 0.714 Av.Mach.Uth « 0.780 AvMach Ut = 0.804 AvMach X = 0026
Finished ASs = 2 Finlshed ASS » 2 Finished ASS = 1 Finlshed ASY = § Finkshed ASs = §
L =TGawPA —P=H TGsWPR TGs. WPR M TGa. WPR TGs. WPR
> H g H
| i L e . L T2 L 2 L g2
-
qE| | B (1 H |- bR || H [ LI
4" "
S LS s, s LAl ([ e : s Bls s g
a § 3 > 7 g - > _ > 7 > o
L L s e T1 It g5l T
& 8 [ 1 I [a I 3
: ' . lv s l l
H 1] H v |} H ! H H
o e If T TC2 TCa TCA Te§
1 2 3 {(WPR) whe {(WPR) wes | (WPH) wes | WPR) wes | WPR)
1 3
¢ Is . ]2 2 2 2 7
E: 2 2 4 2 8
R v (s {]s 3 s 1 ’ 5 ?
3 3
7_ i 4 1 4 8 4 1 4 5 . [ ]
12 . - |8 7 5 7 5 a 5 s s )
13 - |8 7 ) 1 N ] 6 (1 . ]
u |7 ]]e 7 e T 7 7 ] 7 5
15 17 4 |8 & s $ s 7 8 s . H
20 2 |9 ? 9 7 o 7 9 8 0 €
Totalwps | 59/20 1 Tota wps 58721 Total Wps 59721 Total Wps59/21 Tot Wpe § 63/17
Finiwlp | Fintwip Flniwlp rﬂmup Fin/wip
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Table A3.4 (cont) - Generation process for tooling configurations in table 10.9.1

BCHEDULING RULE: FCFS
TOOL COMBINATION HEURISTIC RIAE: G

| er 0.5
(e | s 0.22 ]
¢ | o] o
(.1 r“pg: 049 |

Av.Mach.Lii = 0.708

TG Mo, 1::1..“ 0 U, 16No| Teo | TG UM, TaNe. " 1er | 16 0.
¢ [re |ew (e |oo ¢ [12 [om
21> .33 O E 0.3 ¢ 0.9
(; 4 017 (3 4 0.22 (a 4 0.22
(4 s 0.08 ‘¢ 5 0.13

‘s s,7 joss |
(¢ 09 Joes

‘r 10,44 | 018

c . .

‘4 5 0.14 ]
‘s ,:‘St 0.79

8o .
(* ] 1z |

¢l" |
O I

Av.Mach Ut » 0.783

TG .

0.96
0.34
0.97

0.01

.
-

Av.Mach Ut = 0.812

Finighed ASs = 2 Finished ASs = 2 Firished ASs = 2 Finiahed AG¢ = 2 Einlshed ASs = 8
L -T?WPR—;H TeWrR Taa wPA_ 1 TG, WPR HI Tawen
I ll :‘ Ll 4 _I L 4 ll 2 -l L M
F'é —12 -—1 § ,__le __7“ Conbine: | T2 Combine: ,@l Combine: (lg
Eg s HEE 15 || ot i[* 8 ¥, 3] aaa o] ile g JF WY g
7. 5n > sl . - ' u > AandA Hr 6 and 3 o
IR LA e R OF SRpIEE ] OB S i
A . l L =T 6 and 4 ¢ 2
—t," 1, te _
H | - 11_ H H --J—a H I H
[ 1 TC2 ¥C7 Tca )
1 og'a s | wery o why | (WPR) Whs wry | (VPR
1 o ) . 1 . 1 s 1 s
2z 2 2 2 2 2 z z 2 s
3 s 3 7 ] ? 3 ? 3
4 e 4 7 4 7 4 s
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[} 7 s . ] ® ] 8 s 7
7 . 7 7 7 y 7 s 7 ]
. ' ] 7 . 7 s s . 5
e 7 ] " ? 'y 0 [} ] s
Totel WPe | 59/23 Totd WPs  80/94 Toud WPs  S8/14 Towd WPs 62/18 Towl WPs  58/23
Finiwip IFW"'P | Finswip }Finrwip | Finrwip
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Table A3.4 (cont) - Generation process for tooling configurations in 1able 10.9.1

BCHEDULING FLLE: MRPAS
TOOL COMBINATION HEURISTIC RULE: 8

FMB with Limited Puipoze Machines

[0 (o el ]
|

TQ No. ‘::1 G Ui, T4 No. Toe [1G U TG No. Tc {16 W TaNe § yoyp  {ve wu, TG Na. Tcis TG UM
('- t.2 0. G 1,2 0.73 6‘ - . G‘ N . G R .
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ez 0.58 s 6.7 .51 s Yz 0.5% & o2 0.58 G| er 0.88
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Floished ASs = 4 Finished ASe « 4 Finished Afs = 4 Finished ASs = 4 Eirished ASS o 4
JGWPR I TG WPR TGs. WPR
L 7 1 H H T e 4 Toa WPR
| t 4 Ll Lol L
.2 3| [] S ol P 5 -
2 s 1.k > 3 7 ,‘2_.19 LI~tH g 1 8
4 = | g s ' 4 “ 8 NE-B u
12 1 1s ) 7 . L 1 P s, i g me
-3, 1 s s o ol
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4 it ToH Te12 o1
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Fin/wip Wos Fintwip Fin/wip [Finrwip Wt | e rwip
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Table A3.5 - Generalion process for tooling configurations in table 10.9.2

FMS with Limited Puiposs Machs.

[ [ (2

BCHEDULING RULE: MAPAS
TOOL COMBINATION HELRISTIC RULE: D

Ta U, TaNo. || TCts {Taud TG No. ﬁ TG4 |Ta L Tane. || Tots fra v
0.77 (N 8 * " 1,2 0.96 (‘. .2 0.97
0.28 (- . ‘ € [ . ‘z . .
3 . B s ||e.n0
0.23 { 4121021 | 0.04 } {5 [fa12t029 | 0.6 ( ey | 097
4 X 1] 4
LTS I— {+ |[s.010.09] 074 4 Jis.310,51] 080 ¢ ||s.s.00,01f 050
g8 == .. e lsr 0. 58 b for 0.58 6 o 0.79
0.18 {o |l1.209 {007 8 foo 0.22 {s . .
0.3 & . . - . ¢ . .
0.50 ts, . . e f - . (e, . .
Av.Mach.Utl = 0.733 Av.Mach.l » 0.708 Av.Mach Uil = 0.810 AviachUtl = 0.835
Finished ABS = 4 Finishad ASs = 4 Finghod ASs = 4 Finished ABS = 4
TGas. WPR TGs. WPR TGa. WPR
L " " "
L 4
| [ ‘P [ 1™
4 a8 g A ™ g 5
é g 2. 7 é dpfCa 8
= E a " 2 r
g g 5 s £ | P
| (i i | | ma|
l s | ¢ ‘ 1 l
H H H
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123 [wesll wppy (WPR) {WPR)
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E E - {2 5 2 (] 2 5 2 6
el
g & 10 |3 3 3 [ 3 s 3 Y
LR L 5 4 s 4 . 4 8
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12 « |5 7 5 8 5 8 5 7
13 .« «l]e 7 " [ 8 6 6 7
14 18 18])7 7 7 7 7 4 7 N
15 17 18]]| 8 7 s 7 [ ] 4 L 4
20 21 +]|9 ] P 7 [ 4 9 5
Tolal Wps, | 58722 Totat WPs | 83117 Totst WP | 83/22 Tolnl whs | 57/23
Finiwlp Fin/wip Finiwlp Fin/wlp
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Table A3.6 - Generation process for tooling configurstions in table 10.11.1

SCHEDULING RULE: MRPAS ; PART MIX A
TOCL COMBINATION HEURISTIC RULE: E and B

FMS with fimited-purposs Machines

i | i I |
TaNo. } TCY | TG U GNe. TC2 | g U..,I TGN, Y62 | Taua TaNe | TC4 TOw Take. TC3 | TG Ak,
G {2 097 [y | G |12 0.67 G 2 0.97 G e 0.9 G |re 0.06
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'H § o7 0.54 'Y 8.7 0.48 G 4.7 0.52 {a 8.y 038 G o7 0.57
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gl ToLWPR
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| 5
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. Finwip, | Finiwip. Finiwip : Finiwip Fintwip




Table A7 + Generation process for tooling configurations in
table 10.11.3
SCHEDULING FULE: MAPAS ; Part Mx 8 FASS wilh Limbed Puiposs Machs,
TOOL COMBINATION HEURISTIC ALLE: £ md B [wz] 2]
‘ . r
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R = e S
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