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ABSTRACT \k ‘
A Flévible Manufactur{;g System is/an inpgg;ation*of’
méchine"toolsi\material handling devices and cqmpute%s into
a system desiggkﬁ to improve prdduétivity in the mid-volume
p}oducfion. \ |
| Altﬁoughéa number of such syétems have been designed,
relatively littlé is known about the managing and optimal |
operating conditions of such systems. Even less is known abaut
haow future systems should be designed -for optimal efficiency.
The main objective here is to develop a userio;ientedrgenerai
purpose simulator which can be used as aﬁ experimental tool -
to gain insight into the problems posed by such complex systems.
The developed FMSSIM simulator uses the &iscrete(even;
simulation approach, incorporating the philospphy~of the GASP
simulation package in event monitoring. It is capable of l
simulating different configurations and topology including
bidirectional tracks.‘ It can check blockage of route due to
interference of carts. It can also simulate random faiiures
ané repairs of the variou$ comfonents in the system. ’It provides
the user with a wide range of priority ;uIes to select from.-
It also allows the user to define his own priori£y rules.
The main features of this simuiator are:
(1) Ease of use: FPMSSIM is a user-oriented packagé where
simulation is transparent to the user. Pnly a set of

input data needs to be supplied. The program will

perform .the similation and produce a report on various

, ‘ (vii)



vitél system performance‘sgatistics.
(2) Graphical Output: The progiam produces a graphical
outpﬁt on a}visual display ébrminal showibg the move-
CL ‘ment of partg through the syk&emi
(3) Data Input: The progrém has systematidally organised .
‘data structure where informati ﬁ can be easily modified
And retrieved. ' ‘ )

\

!

\
§
A series of experiments were con@ucted using this

'simulator to test its versatility and study the behaviour of a
! - ~ PR s

hypothetical Flexible Manufacturing System when various design
" parameters are changed. The response of the sys%em to changes
in transporter speeéd, .in- and out-shuttles\capacity and number
of-pallets was studied. Two different type of material
" handling systems viz. the cart and the conveyor were compared.
The effecég of introducing an additional machine and changing
the system topology.were also examined. Thb“eneral trends
of results obtained from the case study are in agreement with
the findings reported in other published literature.

Tﬁe ability to simulate a wide range of systems with
-varied design param;ters has made the FMSSIM simulator a very

useful design aid which enables the sfstem designer to analyse

various parameters and arrive at a more efficient system.

(viii)
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CHAPTER 1
INTRODUCTION -

1.1 Definition of Flexible Mgnufacturlng
- System .

!

A Flexible Manufacturing System or FMS is an integrated
system of work staﬁions and material handling equipments for |
the automatic raﬁdog processing of pallotized parts.

A workpiece or part is mounted on a pallet which ‘ ¢
has the appropriate fixture to hold and carry the part through
its machining processes. The station can be a(ﬁachine
tool or other aux}liary equipment for washing or inspection.
The stations generally have shuttles that move the parts to
and from the material handling system and serve as a buffer
for both the machine and méterial handling system.

The proce551ng of the parts is determined by a process
routing (an ordered llst of operatlons that must be performed)
The operations 1dent1fy the stations that can do the operation,
the part program, the necessary tools and the procossigg time

. required by the station for the operation. The processes that

the part goes through define the part type. Associated with . .
p .

each part type is thﬁ ind of'pallet with the appropriéte'
g

fixture for that part %ular part type. To provide effective

.

control “and  overall management, these systems are controlied

by a common'oomputer. All stations are dlgltally controlled

o



(such as NC machines) to allow for the most eff1c1ent fpera—

&S

»

tion.

1.2 Areas of Application ef FMS | o ' ‘ e
FMS have ®merged in many parts of the industrialised
world inbresponse‘to the need to increase productivi?y in
eﬁid-volume batch production where fhe parts are made in
quantdties of 50-10,000 parts per year [i]*. The traditional
choice ?aced-by\e\firm‘with a group of parts tocmanufacture
was between job shep and transfer line. (
For low volume production, the job shop apprd;ch
would normally Be adoeted. Job shops are highly versatile
and involve reletivelz little investmen;s in machine and
tooling. Many different parts can be processed concurrently.
The shop can be expanded as required to meet 1ncrea51ng demands
On the other hand, the productivity in job shops tends to be
. relatively low and the in-process inventory is usuaﬂgy high.
For high volume production, the job shop'approach will
be-too inefficient and transfer 1ides would be preferred. 1In
a‘tnansfer line, machfneé are epecially tooled up to make a
single part type or with change-overs, a limited variety of
very similar parts. They are however severely limitedgij their

versatility te meet engineéring and product mix changé The

~

initial capital investment is very high .and it requires a

steady production rate to ensure good utilization .of machines.

& Numbers between square brackets indicate reference number.



For mid-volume production, neither of these approaches’

has been completely satisfactory. _There arises a need for

a new manufacturing concept which will have both the flexibility"

of the job shop and the high productivity of the transfer line.
FMS shows the promise;of meeting this challenge. It can have
a sighifiEant impact on the’ﬁanu;acfuring scenério since

50-75% of parts manufacturing expenditures fall in this range

[2].

1.3 . Benefits of FMS .
The existing FMS  have demonstrated many benefits
compared to conventional production methods. Fig. 1.1 shows

the comparison of various types of manufacturing systems [3].
%

y oo

1.3.1 Cost reductidbn

-

In a typical FMS, lbading and unloading are tﬁe‘oﬁly
manual processe§‘involved. Direct iabour cost is‘thereere
considerably léwef than o}dinary job shop. Cost reductiong
as much as 70% have been achieved by some‘FMS inooperation [47.
The use of autémated material handl;ng equipment and pallét—
ization of parts significantly reduce the waiting and set-up 4
time attributable to refixturing and handling .inherent in

standard machine tool operation.

1.3.2 Flexibility

Another benefit provided by FMS in many situations

is the substantial flexibility it offers. A number of different

.
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+

parts may be handled in a system simultaneously. It also
pgrmité engineering changes and‘part mix changes yithout
(major production 16§ses for re-tooling. The inherent
" fle ibility of the system also allows the parts to be
aujimatically rescheduled when partrof the system breaks
dow#.‘ o
g

1.3.3 Ease of expansion.

A distinct ad&antaée of FMS lies‘ih ifé eibandability.
The modular nature!of the system provides phased produétion
capacity. The number«of work stations and’ the sizg of‘the
material handling system can be altéred eésily to meet chang-

ing demand. Phased installation also leads to further cost

!
bat S

reduction due to delayed investment“and retention of capital.
Depending on a number of factc;s such as variable cost ratio, .
capital ratiﬁ and .interest rate, FMS can operate economically
in production voluﬁés.close to those normally'suitable for
transfer lines. ’

Associated with these major benefits are many advant-
ages which motivate the acquisiéion ofﬂFMS. These advantages
are reduced work in process, improved .flow times, improved
machine utiligation, rapid adaptation to chaﬁges in part
design or work load, improved productionlcontrol and schedul-.

ing- and risk avoidance.

1.4 . Characteristics of FMS Y

FMS are essentially automated job shops and have all



b Y
;Y

5, A
the traditional Pproblems associated with 'the coﬁ;ro} of job
shop including .dispatching, work station assignméﬁt(and
task sequencing.’ The hajor Qifferences between job shops,
and FMS are that human functions are automated. The

design of the components in the FMS is aimed at achieving

an optimal production.

\1.4.1 Work statioms ’
\‘ The automated processing of parts is achieved almpst
without exception with tﬂe use of NC machine tools or machin-
ing cen;ers. Auxiliary work stations such as automatic
washing, assembly and inspection stations may also be inclﬁdéd.
Due to the absence of operators to attend to these
work stations, automatic”tool changérs and chip flushing
~are commonly used. Additional monitoring units have to be.
incorporated to .cover potential pfoﬁlems thagrwould’normally‘
be corrected by an opefator.
Another common feature often found in FMS ié thq
pallet shuttle arrangement which allows the interfacing Bet&een

work stations\and the material handling system. It provides

a buffer for parts queuing before and after processing by the

3
\

station. S :

1.4.2 Material handling system

The optimal work flow in an FMS is achieved by means
of an automated material handling system. Many types of

material handling systems have been used in actual FMS, such

'
M ~
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as roller conveyér, tow-cart, overhﬁéd cart, guiéed vehicle,
stacker crane and combination. They all share a common
;hargcteristic, i.e., they are capable of transporting the /
workpieces among work stations along a route that is most
appropriate for the individual processing/éequiremeﬁ?s all

4

under computer control. ~

1.4.3 Topology , ' ‘ -

There are three basic types of topology that can be
used for laying out the material handling system. They are
straight line, loop and network. [Fig. 1.2] The choice
depends very much on the physical constraints such as floor
spacelrworking height of transportation system, size of work-
piece and type of progess;s involvéd. In the network system,
zone control is somgtimeé used to control the traffic of
the transporter (cart or other carriers) [5]. The entire
route is divided into a number of zones which is equivalent
to a short sectibn of cart tracks. Only one cart is permitted
in a zone at any one time. Before a cart can' be moved
through a zone, the computer will check if the cart can EOVe
through that zone.

kY

1.4.4 Pallet and fixture

Central loading and unloading stations are used to
prepare the workpfeces on fixtured pallets before they are
introduced into the system. Refixturing may be necessary

when a change of fixture is required such as after roughing

/

/

/

/
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operation and for some inspection operations.

1.4.5 Computer control

© The three main functions of the computers in an: FMS
are dﬁtg distribution, workpiece scheduling and movement,
and system status monitoring. Tape data are gistribute& to
the appropriate ﬁachines for the control of machine functions.
This is usually done by the DNC computer. Another‘computer
called the FMS computer is usually needed t% control the entire
systeh includin% the DNC computer, material handling system
and all movement of fixtures and parts. It also maintains

statistical data and system status such as tool 1life,

machine utilization, etc. [5].

1.4.6 Buffering

'Buffering is usually necessary for the work stations
to have high utilisatiOn.‘ This buffering can be centralised
by having an internal storage station or they can be provided
16cally at each station in the form of a shuttle (in-shuttle
for parts coming into the machine and out-shuté%% for parts
leaving the stations and waiting for the transporter). A .
common or non-dedicated shuttle can also be used which can
serve both funttions of in- and out-shuttle.

1.5 Review of Some Existing Systems

Many FMS  are already in operation in Europe,_ Japan
and the United States. The operating and control rationales

>
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will be-Hriefly discussed to indicate the design parameters
~r
which seem to have major impacts on their performances,

A summarized description of existing systems is given in

Appendix A [2].

1.5.1 Kearney and Trecke em at
Allis CRalmers [6, 7] \
‘ )

The system shown in Fig. 1.3 was installed in 1971

and contains 10 machine tools. Five of these are standard

Milwaukee-Matic Traveling Column Modu-Liné Machining Centers
for miscellaneous operations, 1 Traveling Column Milling
Machine for heavy duty rough milling, 4 Duplex Multiple
Spindle Head Indexing Machines each of which can store up

to 20 heads for drllllng, tapping, boring and grooving.

The system employs a td;illne concept with zone control

configuration for, the material handling. The towing chain

is installed ‘below floor level in a né?hork fashion,a computer
activated mechanism located at each station disepgages and
engageé the tow pin that connects the cart to the chain.

The advantage of such a system is that it can be expanded
easilyhif new machines or other stations ar; added to the
system. It employs up to 23 carts to carry fixtured pallets
to the stations destined to perform the required operations.
If a station is not available the part floats around the
system until a position is open. Both local, multiple
position quéue at work station and carts, serve as a buffer

pool.
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The system handles 7 part types that make up the
tractor gear box and transmissiof case. The part mix ‘per
order varies substantially. The‘average~dai1y obtput is

;25 tractors.

The labour requirements for each normal shift are
4 load/unload personnel, 2 general machine monitoring
personnel, an(inspectbr, a tool maintenance man and a §yétem
manager. |

. The investment breakdown are 50% for machine tools,
Y63 for material‘handiing system, 6% for central coolant
and ¢hip disposal, 5% for DNC and FMS computers, 25% for
fixtures-and tooling, 8% for part programming installation

and supervision.

1.5.2 White Sundstrand system at Caterpillar
Tractor Company [7],

v This system [Fig. 1.4]‘consists of 4 five-axis
machining centers, 3 four-axis drilling 'machines, ZVNe?tical
turret lathes and a DEA inspqugon station. There are ail
together 16 loading and unloading stations. Six of the load/
unload stations are dedicated to in duce parts inné the
system and.pallet changing operatiéi:z> The re'st are ﬁon-

dedicated and serve as in-process storaée for parts. The
machines are arranged on the opposite.sidés of a center’
. rail on which 2 shuttle carts travel. Eaéh caft is driven

by a pinion that engages with a rack attached to one of the

rails. A feedback loop ensures high cart-ppsitioning accuracy.
" . '\\ . R
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v The system can easily be extended through addition
of new working stations and track modules.

This system machines 10 different parts such as gear
cases, main frame and clﬁtch housing for two tractor modules.
The part mix varies considerably from one order to another.
Average daily output is about 12 tractor assemblies.

§

1.5.3 White Sundstrand system [7] at Ingersoll Rand

This system [Fig. 1.5] consis;s of 6 machining centers
on both sides of a powered roller conveyor loop: Parts are
introduced via 4 load/unload stations. They are placed on
coded pallets which are automatically transferred hy a shuttle
car to a buffer conveyor. The buffer conveyor feeds the parts
onto the roller cénveyor loop. Thus the material handling
;ystem gombines both the random access cart system and a
conveyor loop.

The systeﬁ cén accommodate 16 pallets at the same time.
It is capable of machining 180 part.types in batch sizes from
one up. Ygariy proéﬁction is from 12 to 20,000 parts depend-

ing on part type.

<
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CHAPTER 2.

"LITERATURE SURVEY OF EXISTING
FMS MODELLING TECHNIQUES

[

Flexible Manufacturing Systems have great potential

of increasing the productivity in batch production. Afghough
several of these systems have been built and put into,obisa-
tion, relatively little is known about optimal operating *
conditions of such systems. Even less is known about how-,
future systems should be designed. The lack of knowledge of
this revolutionary concept of manufacturingﬂhas,prompted
extensive research efforts. The fact that the system com-
ponents are so tightly ‘integrated, 'means that interaction
among the various system components is very iﬁportant. The
complexity of these systems makes it diffitult to predict
their performance using the existing operation research tech-
niques. Existing fiexible‘mandfactﬁring systems have ‘oftén

" been used for experimentation. This 1is an expensive and time-
consuming process. .System control prqcedures of existing
systems are not easily altered. Therefore modelling techniques
are needed to gain insight into the operation of such
lsystems before building them. Severalnmodelling techqiques
have been developed in recent years; They can be broad}y

) classifiéd into 3 categories: - ‘ ) -

* (1) . Analytical Models ' ’ L

(2)  Physicdl Models and '

(3) Discrete ﬁgmulation Models.
/ .

16
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2.1 Analytical Models

»

" An analytical model is simply a mathgmatical re-
preséntapion of a real life jystem oT process. It repres-
ents the physical quantities and behaviour of the system by
mathematical variables and expressions which are then man-
ipulated to yield some desired information about the systen.
Assumptioné and approximations are often required to reduce
the compiexity of the system to a much simpler version which
can be handled by mathematical expressions. The results

*>

obtained from these models are not precisely accurate but

should be good enough to guide the designer in making decisions.

’

Most of the analytical models develbped for the

analysis of flexible manufacturing systems are based on

scheduling theory, reliability theory, queueing theory and
other operation research techniqueé.~

CAN—Q is one of these models which hds been proven in
several Validation\studies [8, 9]. It was developed‘by\
3. J. Solberg based on the computational algorithms for closed
queueing networks with exponentié} servers. The schematic
diagram of the hoael is shown f% Fig. 2.1. The basic theory
éan be found in literature by Gordon and Newell [10]~a;d
Buzen' [11].°

CAN-Q treates a flexible manufacturing Eystem as a
clased queueing network having a fixed number of pallets
circuléting in the system. Each work station is considered
as an exponential server. The matér%al‘handling system is

.

seen as a central station which every part must pass through
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before and after every operation. ‘Eéch station including
the material handling system possésses i\sueue to temporarily
" store the parts before the statioﬂ becoméé available: For
the material handling system, a)queue means every work station
has an off-shuttle onto which the parts can be unloaded. The
mathematical analysis requires éhat the queue should be of
infinite size.

The CAN-Q model is a simple and easy-to-use .model.
It requires only a small set of input data. The inputs needed
are number of stations, number pf pallets, visit frequencies
to each statidh;laverage procesising time, average transport
time. The outputs that can be |derived from this model are
production rate, utilisation of station and transporter, average
flow.tiée, average queue lengths, and‘other'steady state
performance measures.

Another. mathematical model known to the author is the
MVAQ model developed at Draper [12]. It employs the mean ,
value analysis technique. The inputs to the model are number
of .pallets for part; nuﬁber of machines and service time
of parf on machines. The outputs derived from the model
are throughput of parts, mean waiting time for part“at mgchine;
mean queue size of part at machine and utilisation:of
machine. Both models can evaluate large systems without
.much difficulty. They are considered quick toéls for scanning
all the possible system configurations and reducing them

to a few more promising candidates for further analysis.

e o it Pt 2 ke kP i Rk m ki o i
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This technique is useful during the early stage

of system design, when little detailed information is avail-
able and many optioﬁs are still’ open. On the other hand,
these models also suffer from a number of inherent iimita-
tions due to iheiy many simplifying approximatioﬂs. They
cénnot be used to test fhe effects of various scheduling
strategies and pr}ority rules. They-are also unable to find
out the effects JZ limited qﬁeue siie, component breakdown,
availability of load/unload man and many other transient
phenomeﬁa. The reéults of these models are valid only if
the system has sufficient time to reach its steady state.

The transient behaviour of the system is obscure to the

analytical models.

2.2 Physical Models [13]
‘ }  Physical models make use of hardware components having
similar characteristics as those used in the actual system
but much smaller in scale and therefore much cheaper to build.

Both Purdue University and Wafne’State University have
developed working physical models of FMS to study the‘character-
istics of such systeﬁs. At Pur@ue University, the model was
built to emulate the Caterpillar syst%m using Fischer-Technik
.plastic construction kits [13]. The model's operation is
controlled by a hierarchical control prograq$dmp}emented on
a mini-computer. The computer is interfaced directly with

i

the machines, carts and stations. The higher level program

controls the overall operations and scheduling of parts movement



21

while the lower level program controls the actual motion
of machines and carts.

This modelling technique has the advantage of
duplicating the actual physical operafioﬁ of the system. It
therefore allows the interactions of important design para-
meters to bé visualised and tested. However, the building of
such a model is still a very time consuming and costly process.
Modifications of physical parameters such as network topology
and type of material handling system involve a considerable
amount of work. Nevertheless, it is a useful tool for gaining
practical7experimentation with system elements, comﬁuter inter-
face and control programming in the final stage of system
design when little modification of the physical set-up is
réquired.

N4 ’

2.3 Discrete Simulation Models

]

Discrete simulation models are compufer programs which
describe the activities or events that take place in the system.
The system is coﬂceptualised as a group of entities. Each
eﬁ%ity is given a set of attribute values to describe its
ch;}acteristics. The model keeps track of the discrete
events occurring in the system and updates the status of éach
entity. It also maintainslstatistical informatioh o; the
system performance. By repeating the simulation on different

[y I

sets of input,data, the system analyst wilﬁﬂfhen be able to
draw inferences on the effects of the various parameters.

The step-by-step nature of the simulationm technique
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means that the™amount of computation increases very rapidly
<\\Since

with the amount of detail in modelling the system.
the simulation itself does not include any optimisation

’
algorithm, the search for the best solution for a system
requires many trial runs to explgre the whole range of condi-
tions. This results in lengthy computations.

The discrete simulator can provide much more informa-
tion than tbe analytical model which 1is preferable only when
the solution beiﬁg sought is some indication of the optimal
physical quantities such as number of Qé{ts, machines, pallets,
etc. Ho&éver, except in the case of very simple models,
the formulation of an analytical model often requires much
simplification and approximation to accommodate the limitatiogns

of the available mathematical techniques.

In comparison with the physical model which has an

.even higher degree of realism buffless flexibility, .discrete

simulator offers the convenience of easy manipulatioﬁ of

'parameters until the desired results are achieved.

The logical approach is therefore to use an analytical
model to scan the preliminary design parameters and -to determine
the number of"machines; pallets and carts required then proceed
on with a discrete simulator to confirm the results obtained

and to study the different topologies and scheduling rules. The

bhysical model will be the final test bed for the control

logic.

The discrete simulators can be written in any computer
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language. There are many simulation languages specially
developed for this purpose. Examples of these languages

are GPSS [14], SIMSCRIPT [15], QGERT [16], GASP [17], ECSL i
f18] etc, They have proved their worth in saving time on |
model development, modification and debugging.

A number of discrete simulators have been developed
in recent years for the simulation of flexible manufacturing
systems. Althdugh they resemble one another in thd'type of
input and output specifications and syd$tem diagnostics, the”
method used in the actual simulation differs considerably.
This depequ on thé degree of flexibility and complexity
of the model. The sim(lation approach is naturally influenced
by the selected'sémulation language.

Some of the existing discrete simulation models are
discussed below.

-

2.3.1 Kearney and Trecker model

This model was developed by Kearney and Trecker [lé,
20] and was used during the design stage of the Allis Chalmers'
Flexible Manufacturing Systém. The modelhwas intenéed to be
an experimental tool to test the different system configurations
and their control strategies. The simulator was designed as
a gene}al purpose model so‘that each new alternati§%$§equires
only alteration to the input parameters without changes to
the program itself. This model was written in SIMSCRIPT and
contains about § statements. The modql has since been
used in the—p?ggile and design of several other flexible

.
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manufacturing systems, )

The model was found to be very useful in the selection
of material handling systems, testing the algorithms used
for cart assignment énd.part loading and studying the effects
of part mix changes. .

A wide variety of oufput is available from this
simulator. System status reports can be obtained to provide
the user with an intermediate report on traffic density,
queueing and the status of each component in the system. It
also reveals the transient behaviour of the system. The final
report contains the utilisation of all the system components,
the production rate and flow time of each part type.\

A typical input data set to the model has 600 cards,

half of which are SIMSCRIP

initialisation data. The remainder
are used to describe a pafticular systen.

The major drawbalk of this model is that the users must
have considerable knéwledge of the SIMSCRIPT 1anguage in order
to be able to set up and modify the input data required for
the initialisation of the SIMSCRIPT package. The p;rtability
of this model -is also limited by the availability.of the ‘

SIMSCRIPT language.

2.3.2 Catline model

The Catliﬁe model [21, 22] was developed by Mayer
and Talavage. It is written in FORTRAN and empiqys the GASP 1V
simulation package for event monitoring, file management and

statistics collection. It was developéd\specifically for the '\\\\\
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Caterpillar System. This model maintains some degree 65
versatility for experimentation with part movement and part
loading, ang;location of storage facilities. It simulates
the loading of parts onto pallets, the transfer of these
parts to the machine for the required operation, refixturing
and finally removal and inspection of the finished parts.
Since the model was built for a specific system, most of the
system parameters have been fixed. Its main objective is to
study the system perfo¥mance under different control strategy
for different part mix, The si@ulation is repeated with
every combination of control options for each set-of input
data.
The input to the simulation program consistg of two
;
sections. The first section contains the GASP related data
which specify the number.of éttributes for each entity, ﬁumber
of variables on wﬁich statistical data are tq be collected,
basic structure of the files used and the initialisation of
other GASP variables. The second section of the data describe
the system configuration such as part type desctiption, type
of operations required for each part type and description of
other-components in the system. Output occurs in three -
stages, the first stage includes input data verification, the
second stage provides the intermediate resu%ts, and the third
stage produces the desired statistical anal*sis,
® The model does not allow major changes to the system

configuration such as the type of material handling system,

alternate routing for cart movement, etc. However, being a

~
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special p@rpose model it iS not complicated since no %1ex-
ibility p%ovisibns are allowed. Therefore, the number of
independeﬁf variables are not too many and the analysis can
be conducted easily on every combinatian of alternatives to

séarch for the best solution within a limited set of options.

~
i

2.3.3 GCMS model T '
This 1is a generglfsed simulation model developed by
Lenz and Talavage [22,23]. It is written in FORTRAN and employs
the GASP IV simulatien package for event monitoring. The
simulation is condﬁcted,by schéduling'a series of events for
the various enpitiés Iin the system. It is capablé of ﬁodelling
conveyor and cart type.of ﬁgterial handling systems with any
topology. ' é “
Data input to the GCMS model includes GASP IV "
initialisation daté and s}stem description data such as number
of part types, pallet types,‘cartiypes, stations’and their
attributes. Systemn réliabiliiy data are also needed to
simulate the eff?cts of breakdown on the performance of the
system. OQutput from the model includes part production rates,
flow time and utilisation of various system componen¥s.
GCMS like Qatiine is relatively difficulg to use.
Data input is ; very cumbersome procedu}e requi%iﬁg knowledée
of GASP- IV simulation language. The GASP IV package requires a
consideréble amount: of initiélisation data. Users who are

y

not familiar with the GASP IV language are particularly prone
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to making mistakes in setting up the input.dataﬁ Since the
program does not provide input data check, such errors will
not be‘deteqtea until an error occurs in the actual simula-
tion. The method used for checking‘ca}g interference is not
reliable. The program also assumes that there is an infinite

stock of raw materials ready for processing all the time. The

effect of raw mate;ial arrival rate cannot be simulated.

Debugging is exfremely difficult even with the tracing facility
provided by the programﬁe which only'trace§ the events that

a part undergoes in the simulation. The_interébtioﬁ of

efents and the status of the system is not clear. This model

)
has been reported to be plagued with obscure errors [23].

2.3.4 CAMSAM model

\ This model was develgped by Runner and Leimkuﬁler
using the Q-GERT éiﬁulatién Langﬁage [24]. The language
employs an activity—on - branch network philosdpﬂy. Nodes
are\Used to denote a decision point where the next activity
is to be scheduled? The nodes caﬁ also specify the queue size

b . ¢ . ' - e
waiting for transaction. The branches represent activities

.which involve processing time. Transactions are directed

through the network according to the branching characteriéfics*

of the nodes. Tranactions are genérated at the source node
and assigned with attribute values whith describe ‘the pallet
type, next station, time.govbe spent at the next station and

counters for keeping track of parts passing’ through certain -

stations and nodes..

Ty Fer oo
Vi
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in this model every different systemﬂcoﬁfiguration
requires a separate activity diagram. Alth%qgh the CAMSAM
model has demonstrated how different systems can be modelled
déing Q-GERT it was not the intention of its designer to
dévelop it into a tﬁrnkey type of simulation package for the
analysis of flexible manufactu{ing systems. It*still requires
a large degree of skill and a lot of time for its use. Unless
. the: model is developed with the actual simulation program
being‘transéarent to the-users, 1eéving the users with only
, the input data to worry about, it will remain a technique
suitable only for experienced programmers with considerable

knowledge of the éiﬁulation language.

2.3.5 Cook's model

This modelling technique was developed by N. H. Cook
[25]. The program was written in FORTRAN and implemented on
a mini-computer. It incorporates the visﬁal display into the
simulation model so that the parts can be seen moving through
the schematic picture of the system. It also pfovides the
usual performance outp@t quantities.

The system is defined by three types of entities -
1$achinq, queue and line.. The simulation operates-on pre-
specified time in¢rement. The status of each element in the
display file is updated at each fime increment. 'As the system
"operates, various records are maintained in prdé{ to g&aluate

the system's performance at the termination of the simulation.

- b e
>
*»g: 2

3
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System performance includes utilisation of the various
components, jamming of the queue, availability of pallet
and downtime sfatistics of the machines. \ -~
This model has the potential of being developed into
a éenefal purpose model which‘permits a variety of specific .
parts to be routed to specific macﬁining sequences, one orT
more routes per part, various queue sizes, various machining
timés and various loading strategies. The data required fof
the simulation are simple since no initialisation data are
required by high level simulation language as is the case
in other models. Thisﬂmodel has not yet been developed into
aAthrnkey design packége. It only deﬁonstrates the technique
which can be used for modelling different system configurations.

The use of fixed time increments for simulation is a very slow

process compared to an event-to-event simulation.

2.4 _ Direction of Current Research

After reviewing the various models developed so far,
it was felt that an easy to use user-oriented design paékage
with comprehensive graphical outputs 1is still lacking. It was
decided that the model ta be developed should be a discrete
simulation model capable'of studying the dynamic behaviour
as well as steady state performance of an FMS. It should be
éBle'to produce system performance reports as well as graphical
output. The criteria used in developing this model will be .

discussed in Chapter 3.



CHAPTER 3
CRITERIA USED TO DEVELOP THE
GENERAL PURPOSE SIMULATOR

3.1 Design Procedure for a Flexible
Manufacturing Systenm '

The major advantage of a flexible manufacturing
system lies in its capability of producing a wide variety
of parts. However,_it is unreaiistic to design an FMS capable
of performing all production operations. Optimum results can
only be obtained for a defined spectrum of workpieces. A
common procedure followed by most flexible.manufacturing sys%em
designers is presented in Fig. 3.1.

If a large number of parts are to be machined, they
are firgt grouped into families.using the group technology
technique. Parts in the same family should éhare similar
géometric features br manufacturing processes. The work con-
tents required to process each part type in the family are then
de‘cermined.}i This can be done manuaily or with the aid of
automatic process planning. Knowing the work contents involved,
machine *tools and system configurations can then be selected.
The designer may come up with a number of feasible system
configﬁrations differing in the number .of stations, type of
material handling system, part assignment, tool allocation and
queue si;es.of different stations. Mathema;ical models can be
uséd to determine‘pargmeters such as number 'of statiéns,’cafts

and pallets. The syétem can be further analysed using discrete
30 - .
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32

simulation to study the more subtle effects of different

machine tool arrangements, different priority rules for

scheduling and breakdown of various systém components. Alzhough

many discrete simulation programs have been developed [19, 23’

24, 25] and contributed towards a better understanding of

flexible manufacturing systems, there are still many improve-

ments to be made. The main defects of the existing models

are: -

(a)

(b)

(c)

3.2

Data. input and modification are very inconvenient.

In addition to the system description data, many

models reqhire initialisation data for the simulation
language used (e.g., Kearney and Tecker model, Catline,’
GCMS) . ‘
Users are unable to visualise the operation of the
system. Cook's model is the only model known to the
author that has incorporated some graphical display

into the simulation package.

Many of these mbdels (e.g., Catline model)

were developed for a specified system. Adoption

of these models for different systems requirés exten;ive
modification. Others (Q-GERT, Cook's model) merely

demonstrated a technique for simulating different

configurations. They are not self-contained, user-

.oriented, general purpose models.

TN

Overall Objective

The main objective here is to develop a user-oriented,
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general phrpose computer simulation model incorporating

graphical animation for studying any configuration of flexible

manufacturing system. It is hoped that the model developed

can ultimately be used as a design tool to configure an optimal

or near optimal system under a set of prescribed conditions

and to study the effects of various scheduling rules. Ié*Ts

also hoped that with the graphical animation, it will serve

as an esSential training module for people involved in the

management and operation of such systems.

Keepiﬁg the overall objective in mind, a general purpose

simulator is therefore proposed. The main features of this

simulator are: -

(a)

(b)

(c)

(d)

. Versatility: - The model must have the capability of

simulating most system configurations and different
prior}ty rules for scheduling and dispatching.
Simplified data input: - Only 'system déscription data {
would be required. They must be organised system-
atically in a-data file thch can be edited easily
ﬁsing'&%y text editor.available with the opefhting
system of the computer.

Graphical output: - use of computer graphics is pighiy
desirable. It can facilitafe viéual inspection,‘
verification®of the inpuf data descriging network
topology and provide instantaneous feedbéck on the
system status at any moment. |

Resﬁlts analysis: - Results céllected from a simula-

tion run must be self explanatory and provide an

“

-

'
v
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(e).

(£)

3.3

the scope of the simulation model. They are based mainly on ~

the configurations of existing flexiblefmanufacturing systems,

(a)

(b)

34

easily readaple summary on the various perfermance
measures.

Modular program stru;tﬁre: - In order to overcome 5
the constraint due to the compu;er storage limitatiﬁns,

the program needs to have a modular structure to

facilitate the use of an overlaying technique. A

mogular structure also allows easier design, testing

and modifications. User defined functions can be

easily linked with the simulation package, hence

further enhancing the flexibility of the model.

Database organigation: - A common database should

be designed to provide a central control of all data

and' reduce the redundancy and inconsistency of the

t

stored data.

" conveyor and cart systems. ‘ L

Design Criteria for the Simulation Model

The following design criteria are established to define

!

-

The model should be ‘able to represent different

types of stations such as machine tools, load/unload

~

_ .
station or any auxiliary equipment such as washing

station, inspection station, etc.
The model should bl able to simulate the two most .

common types of material handling systems,.viz.,



(c)

(d)

(e)

(£)

(g)

(h)

35

The model should be capable of simulating dedicated
in-and-out shuttles as well as non-éedicéted rotary
“shuttles.’ . , /
The models should allow easy descriptioﬁs of the
system topology using a network of track points. It |
should be feasible to define 1ocation§ where parts /
araﬁﬁransferred from track to shuttle and vice versa. 
It should also be capable of modelling route branchiﬁg
of the material handling system as well as bi-
directional tracks. A-check of bloéking caused by busy
carts or conveyor breakdown would be a desirable feature.
The model should be able to simulate the sequenée of
operations specified by the user. The proces’sing
of parts will follow that fixed sequeﬁce but the
stations and routes will be selected according td some
priority rules specified by the user.
The model should be able to éenerate randomly dis-
_tributed variables such.as arrival time, time leading
to breakdown, time taken t? repair, random sampling
of parts for inspection and any randomly distributed
processing time.
The model, should be aBle to simulate breakdown of
various system componenté.
The model should allow the implementation of various
decision rules for: 1) selecting the part txpe to be

loaded into the\sztem; 2) selecting the part to be

-

A ot s b
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processed from‘the'incoming queue at a station;

£ 3) selecting a cart to transport a part from one
station to another; 4) selecting a station for a
part to go to if more than one station is available;

, and 5} deciding the alternative action when a cart

cannot unload at a station due to a congested queue.

3.4 Selection of Simulation Language

A simulation language provides the basic structure which
facilitates the building of simulation models or helps save time
spent in preparation, debugging and modification of simulation

programs. The basic functions of a simulation language are: -

(1) Event control and sequencing

~
~

2

(3) .Time advance control, either by fixed-increment or

(2) System state initialisation
event occurrence
(4) Statistical computations and report generation

(5) Information

torage and retrieval
(6) . Program monitory

(7) Random deviates generation.

3.4.1 Comparison of some common Simulation languages

A brief description and comparison of some commonly used

simulation languages are given below [27,,28].

=3

3.4,1.1 GPSS (General Purpose Simulation System)

This simulation language was developed by Gordon [14].
It can best be described as a computerised version of the

work study engineer's flow chart. A GPSS model is cohstructed
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(o)

by combining a set of standard blocks into a block diagram
which defines the logical structure of the system. Fach
block represents a different type of interaction of the system
with a transaction. 'The system is conceptualised as a group
of facilities, storage and queues. Transactions are generated
and introduced into the system with some user defined para-
meters or attributes describing the type of transactions. The
GPSS simulation language provides the facility to control the
flow of transactions and keep track of the number of completed
transactions. Bimulation can be terminated after a prescribed
nduration of time or after a specified’number of transactions
have been completed, There are no formal statements as in a
normal language, but these are implied by the data sﬁpplied
about the blocks and their implied behaviour.
The main appeal of GPSS is its modelling simplicity.
It‘has the flexibility required for studying genéral systems,
but it ishlimited in computing powerland lacks the capability
for using real arithmetic. As a .result it is difficult to -
incorporate user defined functions involving real arithhet}c.

GPSS does not have a minicomputer version.

3.4.1.2 SIMSCRIPT
SIMSCRIPT was develqped by‘Kiviat Villanueva, and
Markowitz‘[ls]. It i5 a geﬁeral purpose language divided into
fiye levels. ' At dits lower levels, it functions as a general
" purpose language comparable in power to FORTRAN, ALQOL and

PL/I. Higher level SIMSCRIPT contains simulation-facilities

-

v e . o o




such as modelling using entity, attribute and set concepts.
A{ its highest level, it %rovides statement types for

time advance, event processing,genera;ion of samples and
accummulation and analysis of simulation generated data.

Tn constructing a simulation model, one must correctly des-
crig; the activities involved and the execution sequence of
subprograms representing the activities in order to reproduce
the time-dependént behaviour of the actual system. Events
can either be generated in the simulation model or fed to the
model from the outside world.

The main appeal of SIMSCRIPT is that it is both a pro-
gramming and simulation lénguage. As a result it allows the
user to define special 'purpose subroutines. However, the
setting up and changing of the initial conditions for a
simulation model are usually rather complicated and require
;bbstantial knowledge and experience with the language itself.

It is not known to the author that tRQfe is a minicomputer

version for SIMSCRIPT.

3.4.1.3 GASP (General all-purpose simulation package)

GASP. is not so much a simulation language but rather
a set of subroutines in FORTRAN that perform functions useful ’
in simulation. It was developed by Pritsker [16] for modelling
discrete, co ’inuous and combined-i}gérete-continuous simula-
tions. Thgfiﬁér constructs a model in FORTRAN and links it
. with the GASP package. 1Its principal advantage is that it can

be used on any computer with a FORTRAN compiler. No special’
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processor is required. Since the base .language, FORTRAN,

\

is widely used, it-allows the user to wf{fe subroutines in

this high level language to describe very\complex decision

processes such as implementation of user defined priority

rules. - It can also interface easily with FORTRAN based

-

graphics subroutines. It also has a modular structure which

allows the use of an overlay technique on a minicomputer. A
~
minicomputer version of GASP is available and operates on a

PDP 11/48.

¢

PRI

3.4.1.4 ECSL (Extended Control and Simulation Language)

ECSL [18] was developed at the University of Birmingham,
Englahd. The ECSL approach is built around the use of an
activity cycle representing the actualusystem; Entities being
modelled pass through angdalternating skriﬁs of queues (passive
state) and activities (active states). Entities are neither
created nor destroyed. They circulate indefinitely in their
closed activity cycles. An interactive program called CAPS
'(Cohputer Aided Programming System) accepts a description of
entities and activity cycles. The'ogtput from CAPS is.

a fi cé/;aining ECSL simulation program statements. Both
ECSLLE;EjiiPS will run on any computer which has an ANSI

standard FORTRAN IV compiler.

3.4,2 Criteria for selection

The criteria used,in selecting the simulation language

for our general purpose simulator are: -
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(a) Ability to simudate complicated decision making :
such as checking of cart interference, generating
feasible routesAbetween two stations, etc,

(b) Ability to interface with user defined functions

| in order to allow the user to implement self-defined
decision rules which are noé provided by the simulation
language.

(c) The possib&lity of using the simulation language on a
mini-computer is an important factor. Mos£ users are
now opting for distributed processors and minicomputers .
are gaining wider popularity.

(d) The ability to use it on a wide rénge of computers
without the need of a special compiler makes a FORTRAN
based simulation language more desirable.

" GASP is selected mainly because it is easily understood
and can be easily mo@lified to meet all the above mentioned

" requirements. Since its subroutines are written in FORTRAN,

it does not need a special processor or compiler and can easily

A

interface with existing subroutines for graphical animation,

It is also decided that only the basic simulation functions such
as event contfoL; time.advance mechanism, random deviates
generation, collection of performance statistics aqd file
management would be adapted from GASP. Other more complicated
routines such as event deséfiption, scheduling strategy, pa;;
tracing and graphical animatiqn routines would be developed-

A L4

separately to suit our objectives.
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CHAPTER 4.

DESCRIPTION OF THE GENERAL PURPOSE
e FMS SIMULATOR (FMSSIM)

’

4.1 +~ Introduction

-~

. Féllowing the guidelines set out in Chabter 3,
a general burpose simulator FMSSIM (Flexible Manufactuing
System SIMu%ator) was deveﬁoped, An event-oriented phildsophy
is used in the simulation. Tﬂé system is modelled by defin-

- iﬁg the changes that occur at event times. The operationtof,
the system is conceptualised as a succession of discrete
.events dentering on the parts to' be processed. The time axis

‘is decomposed into points at which events.could occur. The
simulation progresses by executing the logic associated with
each event and the system time i§ advanced from one event to
the next. The GASP 51mu1at10n package was adapted and used
in this simulator. Only the mathemat1ca1 and logical relations
that transpire at the occurrence of each event negd to be

. i
specified. The timing mechanism and monitoring of the event

files are managed by the GASP pag?ége.‘ ”

4.2 Program Concepts

The'three basic building blocks used to model the

flexible manufacturlng system are stgPion, track amd shuttle.

A station is a fac111ty where an operaltion is perkormed A
;o ’
track is a path along which the parts wi{} travel fromﬁstation‘

g s o0 - Lo
0) . . . ' ' ; o . ”. L. / .

e g e
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to station. A shuttie is a queue connecting the track to

- -

the station -and vice versa,

3

¥

4.2.1 Sysfem topology
. The tbpology of the system is defined by a network
pf track pointé. Each track point represents a location where
transfer of parts from track to shuttle or shuttle to track
takes place. It can also represent a node in the métgrial
handling system where a branching occurs. The graphicél
représentétion éf the system alsQ requires track points to be
incipded at places where the track route changes direction.
A S}raight track is always assumed between two track points.
Figures 4.1-4w3 illustrate how actual systems will be represented
in. the simulation_modei.
Each tf§ck point can have a number of successors
so'that multiple routes between track points can be generated.)
:wA single direction track (such as tow ¢art or conveyor) is
represented by a\chain of successive ?oints. A bi-directional
traék begween th\points is simulated by defining the two
points 55 sucéessor of one another. Whéﬁ a part has to travel
from one station to another, a route is genergted in a séquence
of track boints. There may be more phan one feasible route
. between two stations. The route égn be checked"for blocking
caused by"busy cart or convéyor breakdown. Some decision
rules are then used to select the best possible route. '
P The type of‘ﬁatefial handling system (cart or conveyor)
chn also bé specified in the desciption of track'points'as

Id

. . 1
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part of the input data. If the track between two point§

is a con&eyor, its sbeed has to be specified. <Zero speed
indicates that the track joining the two points is a cart
track (or any non-mo&ing track) since all points are specified
individually,.a combined conveyor and cart system can be
modelled by describing the track points accordingly. Tables
4.1 and 4.2 illustrate how the two different systems shown

in Figs. 4.2 and 4.3 are being encoded for simulation using

the developed FMSSIM package:

4.2.2 Material handling system

In a cart system, when a part has to be moved to its
next statiénd a cart is selected and summoned to pick up
the part. In some existing systemé (such as Ingersoll Rand's
Sys%em, Fig. 1.5), the movement of carts is confined to a
specified track. This is simulated by'speqifying the feasible

track points over which the cart can travel as part of- the

-3
~

cart description data.

When a conveyor is used, parts are loaded immediately
onto it as soon as they leave thé maéhinec Routes are found
to carry the'parts to their next;destination. If several .
routes are,availablé, the shortes;”rpute will be chosen.

in‘a“cdmb{ned-cart ?nd coﬁvéyor system (Fig. 4.3),

a dummy station is required at'fhe junétion betweén the conveyor .,
and the cart ;réck io‘represent the t;;ksfef mechanisﬁ used

for ‘transferring the parts from the carf,to the conveyor

and vice-versa.
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Track Point Description for Bidirectional
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Cart Track Caterpillar System) (Fig. 4.2).
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ption for a Combined Cart and -

z
o .
<o o o O O 0 O 0O O 0O 0 0 00 00 CcC 0 0000 o
L
£ .
o
(@
zZ V) — = @ -
[SagdpRTe]
EE.l o O O O O O O O O O O O O O O © O O O o v o o
-~ [Tp) .
£ |
A’
lag~ > L
1] = v o o (=3 - —Te — I = IR = R = R - I~ I T < Y = S < T = S < I < Y - S S Y
SEga!
w §
o B
o~ .
S e o o O O OO0 0 0 QO 0 0000 0o 0o o0 000
M( VT Y o BV B Ve B R T Ve S ¥ B B R S Y SR 7 SV R4
O
&
0 a
i~ o © ©C 0000 000 00000000 oc o oo o
w
z o : : .
—_— . . .
o A =+ © O O O OO0 0 00 OO0 00 000 00 o0 OO
A S
«4
[@] . -
9] .
m -~ ©c0 O ~H N MM O O OO0 OO0 00 o0 o000 00 b oo
|95 Y ~ o~ o . T
O
&
~ - D ht
ial n O W OO~ N N VWS 0 O O 4 N M < 1 O I~ 0 O O
— ~ o e o o - NN N NN NN N NN
L O
= O N 9012B,w,ﬂ.567890123456789
m — o TH A A1 A " A NN NN NN NN NN

TABLE 4.2

-~

* Conveyor (Ingersoll Rand) System (Fig. 4.3).
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4.2.3 Part types -

‘ Parts ar; ghe only tran;actioﬂs which enter and leave
the systém. All events are defined based on.the different
stages which the parts 'go through. Each part requires a-
fixed sequence of opefations. To simplify the simulation,
all pf0cesses conducted consecut}vel} on thé same station are
considered to be a single operation and the operation time
will then be the pétal of all the processing times plus the
time for two changes. There may be several stations capable
of performing the same operation with different processing times.
Each operation is therefore defined by the stations where the
operations can be carried out and the corresponding proceésing
time. The first opepatiop is always a loading operation by .
which a part enters the system. The last operation is always

an unloading operation by which a part leaves the system.

The load/unldad sQii;én can also be used for refixturing.

4.2.3 Shuttie
The type of shuttle associated with each station is

included in the station description. The shuttles are

~

classified into (i) in-shuttle, (ii) out-shuttle, (iii) common

shuttle. As the names imply in- and out-shuttles are strictly

.

Lv) v
for incoming and outgoing parts respectively. Common shuttles

are non-dedicated shuttles which can accommodate both incoming

or outgoing parts such as a rotational shuttle.

»
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4.2.5 Pallet

' In a flexible manufacturing S5ystem, parts are always
tran;ported in pallets which have the proper fixture to hold

tﬁe parts. The type of fixturé on a pallet may be able to
.accommodate several different part types. Each pallet type

is identified by the part type which can go into it and the
?actual number of pallets availaﬁle for use. Before a part

can be loaded into the system, it must be checked whether

the proper pallet.is available, When a part is completed,

the pallet will be released so that a new part can be introduced

into the system.

4.2.6 System failure

The breakdown of .the various -system components
(sfation, cart or conveyor) can be simulated if their reliability
characteristics are known. The type of probabilistic dis-

tribution describing the time leading to breakdown and the

- time required for repair must be specified by -the user. If

simulation of breakdown is not desired, the time leading to
breakdown is made-longer than the duration of the simulation.
This way, we can study the effect of breakdown of any specific

part of the system.

4.2.7 Decision rules ‘
There are several options available for each of the
five decision rules which can be selected by specifying the

I

»



corresponding codes in the input data. The various options”
for each rule are summarised a% follows: -
(a) Rule 1: - Selection of part types to be 1oadeq
into the system.
Option 1: Part type with highest priority.
Option 2: Part type which is most arear
in its production.
Option 3: User's defined rule.
(b)-  Rule 2: -  Selection of part to be processed at a
station from its incoﬁing shuttile.
Option 1: First-in first-out at shuttle.
Option 2: Part with highest priority.
.Option %: Part with shortest processing
time. |
Option 4: Part with longest processin
time.
Option 5:° Part with least number of opera-
tions remaining.
Option 6: 'Part with most number of opera-
tions remaining.
Option 7: Part with shortest remaining
processing time.
Option 8: Part with longest .-remaining
processing time.
Option 9: Part with smallest ratio of
processing time to the total pro-
cessing. '

Option 10: User's defined rule.

v

\
e . . \
g

°
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ﬁ?
'Option 3 and Option 9 are commonly used in 5ob shop scheduling
and proved to be very successful in flexible manufacturing
systems [29].
(c) Rule 3:° - Selection of'cart to transport a part
from one station to another.
Option 1: Idle cart has highest priority.
Option 2: Cart with nearest destination.
Option 3: User's defined rule.
If several carts are available, they are checked for inter-
ference on all possible routes. Those which are blocked by
other carts on the way will be eliminated. If all carts are
blocked, the cart which has the shortest waiting time for the
route to be cleared will be selected. '
(d) Rule 4: - Selection of a station that a part will
go to for its next opération.
Option 1: Station which has the shortest
X operation time,
Option 2: Station which has the shortest
- queue.
Oﬁtion 3: User'g defined rulgi‘

(e) Rule S5: - Selection of alternative action for a cart
if it cannot unload a part at a station .
due to a full incoming shuttle.

Option 1: Wait at the incoming shuttle
” until a space-is availéble.

Option Z: ‘Go to the next station which

can perform the operation.
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4.2.8 Arrival pattern

The effect of the availability of raw materials
for processing can be“simulated by defining the arrival
pattern (the probability distribution of the inter~arrivél
time) of various part types. If no arrival’pattern is specified,

the raw materials are assumed to be always available and new

parts will be loaded as long as pallets are available.

4.3 Event Scheduling

The key to the event-oriented simulation is the ability
to organize events so that they can be executed in a chronologi-
cal order as in the rTeal system.ﬁinue the state of the system
remains constant between event times, a complete dynamic

3

portrayal of the system can be obtained by advancing simulation
time froﬁ one event to the next. The filing and monitoring

of events as well as the timing mechanism are managed by the

GASP package. The description of each event and the consequences
of its occurrence (such as a change in the system status or.
triggering off of the subsequent events) were specifically
written fd; S

(FMSSIM). The operation of a flexible ménufacturing system can
be fully described by eleven event types. Each of them is
described by a separate.subroutine. The overall sequence is:

_—e

shown in the form of a flowchart in Fig. 4.4. The descriptidﬁ;

{

o
. 4
/

of each event with names of subroutine deng;ed in brackets '
are giVen as follows:
(1) Part Arrival Event (denoted by ARIVE)

This event signifies the arrival of a certain part type.
& . .

A

he developed Flexible Manufacturing System SIMulator

‘4
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Part Arrival
Event

Keep Part
in Stock

Fig. 4.4

Part is

Campleted
Free Pallet

Out Shuttle
Event
(OUSHU)

Flow Chart of the Event Sequences for

a Given Part.
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It changes the stock level of the part type and schedule the

next arrival event. If any of the loading stations is free,’

‘it will schedule an Operation Complete (OPCOM) event at the

loading station.

(2) Operation Complete Event (denoted'by OPCOM)

This event signifies the completion of an operation.
It sets' the stgtiqn,flag to indicate that the station is busy
and updates the performance statistics of the station. It
chooses the next 6peratiqﬁ §nd station to go to. If carts are
used, a cart is then selected to pick the part up and Move
Cart (MOVCA) event is scheduled‘té transport the part to its
next StaFion: If an émpty space is available in the outgoing

shuttle, an Out Shuttle (OUSHU)-evelft is scheduled.
\ .

(3) Out-shuttle Event (denoted By OUSHU)

This event signifies that a part has entered the out-

-

going shuttle of a station. It updates the part status and
utilisation statistics of the shuttle. It resets the machine
status flag and- schedules the mext part to be processed if

thete are parts waiting in the incoming shuttle. Tt will also
¢ - - . i
schedule a To Cart (TOCAR) event if the right cart is waiting
- o ' P
at the outgoing shuttle. In the case of a conveyor the part

will be loaded di;ectlx to the tpgﬁéyor which is again simulated

By a To Cart (TOCAR) event. .

.(4)  Load Cart Event (denoted by LODCA)

This event is.-used only for cart systems and it. -

2

£

?

w .
R
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signifies -that a cart gas arrived to pick up gﬁyart at a
station. The cart status and perforﬁ;nce statistics are
~updated. It checks if thé part i% is fetching has entered
the outgoing shuttle. If so, it will ‘schedule a To Cart

(TOCAR) event.

(5) To Cart Event (dehoted by TOCAR)
This event signifies that a part has moved onto the
ca¥t or conveyor and ié ready to be transported to its ne*t
stationh In a‘conveyor‘s&stem, the part is immediately
scheduled to move to its next destination. In a cart system,
" the cart status and performance statistics are updated. A

Move Cart (MOVCA) event is then scheduled immediately.

(6) Unload Cart Event (denoted by UNLCA) .

This event signifies-that a cart has a;fived at a
station to drop off a‘ﬁart or a part has arrived at a »
station to be unibaaed in a cdnveyor system. If the incoming
shuttle is full and the part cannot be unloaded, the part Eén
be ca;fiéd away to the next available station or wéit at the

- .

incoming shuttle. If a part can be unloadéd, an In Shuttle.

(INSHU) event is then scheduled.

(7) In-Shuttle Event (denoted by INSHU)
_ This event signifies that a part has.enteréd the
incoming shﬁttle of a stafion. If a cart is used,the cart
7 which‘has\unlqaded the pa_f is scheduléd to perform its qext‘

‘aséignment'by a Move Cart |(MOVCA) event. If the:station .is

. . f
. . . " e
oot .
f .

idle, an In Station (INSTN) event is then échedqled.' thérwise'
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4+ 7

the part will wait in the shuttle.

(8) Injétation Eveot (denoted by INSTN)-
This event signifios that -2 part has entered the
station and is ready to begin its operation. Again the
OPCOM evené is‘scheduled. The otatus of the station and shuttlo

are updated. Y

(9) Move Cart Event (denoted by MOVCA)

This event is used only for cart systems. It signifies
that a cart has completed its assignment and i§S ready for the
next. This event is scheduled 1) after a cart has unloaded
a part or, 2) if a part cannot be unloaded it will transport
the part to its next avéilaole stétion; or 3) oummoned by a
part to pick it up, or 4) the movement of a cart has to be
delayed due to a blocked route. When a MOVCA event occurs‘
it searches through all the parts whlch have been a551gned
to it (either on the cart waltlng to be unloaded ‘or in the
shuttle waiting to be picked up) andiﬁnds!}he'shortest route

for its next assignment. -If the part is on the cart, an

UNLCA event is scheduled. Otﬁerwise, a LODCA event is scheduled.

(10) Breakdown Event (denoted by BREAK)
This event signifies that a component in the system
has failed. The component can be a station, a cart or a track
point on a'conveyof. fhe time taken to repair is calculated
from its rellablllty statlstlcs supplied in the input data. A

(mqmlr) event is then scheduled The status and downtime

T
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statistics of that component is updated. If an event has been
scheduled on the component, it is rescheduled with a delay

equal to the repair time. :

(11) Repaired Event (denoted by REPAR)
' This event signifies’'that a component has been repaired
and is ready to be put back into service. The status and

performance statistics aTe updated and the next BREAK event is

Kv///NEChedUIGd.

Each event has three attributes associated with it.

These attributes are: ' /// ’

ra
s

- ATRIB (1): Time of occurrefice of an event.

ATRIB (2): Code for evént type.

ATRIB (3): Code fof/entity involved (part number).

When an event is scheduled,)these three attributes

must be determined and entered into an event file. The GASP
filing system is used to enter and remove events. The moni;or—'
ing routine always checks the most.imminent event to occur,
removes the event alohg wiyh its three attributes from the
file and branches to the corrESponding.suﬁroutihe describing
the‘changes caused by thé event. The éystem stéfus is then
uggatéd accordingly. After the status has béen changed, the
next event wiil be scheduled according to‘fhe circumsténces ﬁ;\

prevailing during the occurrence of the event. n an event

occurs, it can change the system stat ifi- several ways:

1) it alters the attribute

.

T the entities (such as position

Y
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of the cart, number of parfs on the cart, .number of parts
in the shuttle, etcl), ) it chénges the number of entities
present (é.%:, the arrival of parts increasgs the stock level
of a certain part type), _and 3) it alters the performance
statistics of the system (such as the utilisation of the
station, carts, shuttle, etc.). Each event is described

by a subprogram to be linked to tﬂe GASP package. The basic
modes of control are shown in Fig. 4.5.

The sinulation process is‘initiélised by introducing
the starting events (Arrival event (ARIVE) for each part type,
Oﬁergtion Complete event (OPCOM) at the -loading station and
the first Breakdown event (BREAK) for each component in the
sfstem). These evénts will in turn produce a chain of events
until the simulation is completed.‘ Event types .2 to 9 are
repeated as the part moves from station to station for process-
ing until it is completely'done. The completed part is then
replaced by a new part and the cycle.reﬁeated. Breakdown
. event (BREAK) and Repair eveﬁt {REPAR) form another event
loop. A Breakdown evenf §cheduleé a Répair event and a
Repair event schedules‘£hé next Breakdown event. An Arrival
event is iﬁdependent and each Arrival eve;t schedules the
next Arrival_event.aftef a duration equal to the interarrival

time.

4.4 Entities and Attributes

y s RO o
The model consists of five types of entities. They .
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are: - parts, stations, carts, pallets and praéklpoints.

Each type of entity has several characteristics or attributes.
Basically, these attributes can be classified into two types:
description data and status vectoms.

» . 4.4.1 Deecription.data;

They are input data used to describe the system and

are fixed throughout the simulation. The attributes associated

-

w1th each type of entlty are:

(a) Part Descrlptlon

3
B4

Parameters used to describe parts incIlude the maxiﬁgm ;

number allowed in the system, priority, humber of parts to

IS

be prodiuced, number of operations required to produce the
part, arrival pattern and parameters for random function des-

cribing thé arrival pattern. The operation number, stations

' e

where operations can be performed and- the process time

are assoc1ated with each operatlon.

»

(b) Station Destription
Station descrlptlonelncludes the number of p051t10ns
in each type of shuttle, track points for eachftype of shuttle,

time to move"parts from shuttle to station (or the reverse

13

operatlon), time to'move parts from .track to-shuttle (or the

reverse operatlon) and parameters deflnlng the re11ab111ty of

LN

" the stat1onv

© (e) .Cart Descrlptlon
Cart descrlptlon 1nc1udes the number of carts, number

of pallets 1t can hold fea51ble track p01nts deflnlng the path

. ° -

‘s
: . . ' .
A . . \ >
[} 4 "
{ ‘ : N . ‘
. - v‘ !
: - ,. ¢ » ‘ * ‘
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that the cart can travel, cart speed and parameters defin-

ing the reliability of the cart type.

(d). Pallet Description

' Pallet description inclu?es the number of péllets
available for each pallet type and the part tybes that can go
on to the‘pallet. '

(e) Track Descripfion , ‘

Tra?k description includes the station with wh;ch
the track p int is\joined to, subsequént track péints, con-
&eyor spegq if it lieg on a convé}or, loéation of the track
point and éarameters defining the reliability of the track
\ ,

point.

4,4,2 Status_vectors

!

Status vectors are variables which change according
to event occurence.
(a) Part.Status ' o o
Part status vector includes the part type, prioriky,
pallet number,:cart number, current étation, current oﬁera;ion(//'
negt'stétion, next pperatibn, number of oberationslleft,.type.
of shuttle it ig in, oper;tipns completed, and the time when

a

the part entérs the system.

(b)  Station Status

Station status vector includgs the time when the

A
' s . \\
station begins its most recent operation, status flag of

the 'station (idle , down, occupied), time when the'station
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.

will be available if down, and parts number in each type

of shuttle.

(c) Cart Status. '
Cart statusxvedibi includes the last point passed,
timeiof passing the last point, current speed, part numbers
on the cart, status"ﬁlag gf the caf% (up or down), cart type,

time when it will be available if down; actiyity (unloadidg,

loading, waiting or idle), destination, and succéssive

track points.

(4) Pallet Status

Pallet status vector includes the part number in

‘pallet, station number, pallet type, last point passed, time

of passing, cart number, and successive track points on the

.coiveyor.

.

-

- \ -

(e) Track Status

Track status is indicated by, a flag denoting the

operational {up) or non-operatidﬁal (down) states

A
L]

The deétail organisation of the data structure is

given in Appendix H.

4.5 Performance Measures and System Qutputs ‘

»

2 s

The' costly investment involved in building an FMS has

made it not ,only desirable but necessary to achieve a maximum’

D

machine utilisation. This requires considerable effort. to

be made in pianning'thé,systémuconfigurations; loading of
B . /‘“ . “ ' M

. ¢ — . R + . . o
f P .
3 . .
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"parts into the system and assigning the parts to the most suit-
able machines.. The scheduling problem is much more complicated
than one can bossibly anticipate. Static optimisation
procedures, using an algorithm to determine at the beginniﬂg
of the scheduling period, a complete schedule for that period,
are commonly used in Eonventional job shops. This method
frequenflyorpquires réoptimisation when'cqntihgencies arise

or results in frequent manual overrides to handle unexpected
situations. 1In FMS, this situation is further complicated
by the many options provided by ihe flexibility of the system
for doing the same 5ob, No fixed séhedule can be considered
optimai for any considerable length'of planning horizon.
Dynamic sch%huling procedures utilising the most cﬁrrent
information about the system status are often more practical
‘for such systems. Heuristic loading and scheduling‘me;hods
are therefore widely‘used in the operation of fiexible manu-
facturing systems. .

The developed general purpose simulator (FMSSIM) has
been designed to incorporate most of the commonlf used. dis-
patching. rules into the model. 'The'designer needs only to
specify the rules he wishes to use. Most of these rules -
have been successfully used in conventional job shops. In.

order to achieve the desired goals, some performance measures

must be used to analyse a. given EMS.

y

N

4.5.1 Selection of pérformance measures

There are many posSible'criteria used for judging
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the: performance of an FMS. Some definitions associated with

. these performance measures are [29, 30].

Cj = Completion time of job j, the time at which process-
ing of the last operation of the job is completed.

rj = time at which job j i; ready to‘begin processing.

F; = Flowtime of job j. It is the amount of time job j
spends in the system. Fj = Cj T Ty

dj = due date’of job j.

Lj = Lateness of job j. Lj‘= Cj - dj‘ It measures the
amount by which a job is early or lat :

Tj = Tardiness of job j. Tj = max (0, LA. It measure§

only the positive lateness.

The performance criteria commonly used in job shop
.scheduling are:
el 5 5

I F..
=1

=3 L

N (a) mean flowtime = F =

~

It has beég‘génerally accepted that by minimising the mean

flowtime, the overall performénce of khe system will be improved.
Shorter job§'are éiven'preférence to reduce thé waiting time of.
other jobs. )

/7

T R e

1 J

it 3

(b) mean tardiness = T = %
, _ ‘ , . 5

Most of the due date oriented dispatching rules are aimed at
minimising mean tardiness.

. (c) maximum flowtime = ?max’= max {Fj}

l<jz<nm

' Since maximum flowtime is related to the maximum number of jobs

L

-

2
L
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/
( /
in the shop [31]. Therefore minimising the maximum flowtime

will tend to reduce the maximum number of jobs in the system.

(d) Maximum tardiness = max {Tj}

-

= Tmax
1 j <n

A problem commonly encountered in minimising the mean flowtime
. . .. . . e
or mean tardiness is that some low priority jobs will never

be processed. Minimising the maximum flowtime or maximum

~
= 4

tardiness overcomes -this problem. =

(e) Mean work-in-process inventory can be bas&d on the
average number of jobs in the shop during the interval from

t, toot,. .

1 2

t

2
— B 1 :
N(ty,t,) = £t [ N(t) dt

t

}

l -
or the sum of the processing times of all operations on all

jobs in the shdp 'at time t:

1
_tl

Ly

P(tl,t2? = % P(t) dt.

2

o

Y

L]

() Faé{}ity utilisation: It is the fraction of the total’
time during which the facility is engaged in a productiwe

activity or a required process.

For most steady state,ﬁrocesses, these measures have
. .
been proven to exhibit the following interrelationships [31].:
(a) the mean flowtime is directly proportional to the

mean work-in-process inventory. .
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(b) the mean flowtime differs from the mean lateness
. and the mean waiting time by a constant amount.
(c) a scheduling procedure which is relatively good with
respec;‘to any one'of these mean values 1is compgraﬁly )
#good with respect to each of the others,. and /
(d) a scheduling procedure which minimises mean flowtime,
. also minimi%gslmean lateness, mean waiting time, an
. "ihefmean number of jobs in the system.
Since it is impractiéal to incl?de every possibyé
criteria in the performance output, only those performgﬁce

méasures which are most relevant in the design stage of FMS

are incorporated into the model. They are the production

‘statistics (including flowtime) and the utilisation of the

various facilities (stations, shuttle and carts).

\

4.5.2 Evaluation of performance measures

The performance output collected by the model is
divided into five categories:- ; ,
(1) Production summaryk
(2) stgtion pefformahce
(3) shuttle performance
(4) cart performance

(S)’péllet performance

'

,‘4.Sl2.1 Part production summary: It reports for each part

type the number o{uparis completed, percentage of number of

o

parts completed ,to the total number of parts scheduled, the
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minimum, maximum and mean flowtime. Performance can be judged

by comparing the avefage flowtime to its total processing

time. With allowances provided for transportatlon of parts,
congestlon w111 become apparent. -Maximum flowtime allows us

to predlc& the due date for a part and draw conclusions on due

date oriented performance measufes\iﬁhrrays are used in the

L3

program to keep trach'of the ségck‘letel of raw materials and

the number of completed parts. ,"The duratlon of time durlng
w .

whzch a part is in the system is then calculated and collected

in array SSOBV by the GASP rout1ne COLCT Subroutine COLCT

gathers sample data for varlables based on an observation of.

s

the varia le when used”in the collectlon mode. In the computa-

tion and reporting mode it calculates,the mean, standard devia-

" tion, minimum, maximum and number of observations. At the

end of the 51mu1at10n these values stored .in SSOBV are

°
’

: prlnted out. . o ¥

C o~ ' ! N \.,/

“ /\ ' ¢
. ‘e
P . , -
i

4.5.2.2 Station performapce summary: It ihcludes.the time

‘Whlle the station is busy, 1dle and down It also calculatés

. [}

their. percentage w1th respect to the-total 51mulatlon ‘time.

The busy tlme takes into con51derat10n the time when the

-~ -

'giatlon is used 1n proce551ng a part exclud;ng the loadlng
and unloadlng to and from the shuttle. It also excludEs the\ {
ftlme when a part contlnues to occ y the stat10n when the out-

'g01ng shuttle is full -This set of statlstlcs prov;des a-

measure of statzonuutxllsatnon and 1dent1f1e$ the statgon whlch

constltutes a bottleneck in the system.ﬂ Array TATSS 15 used

3 14 . . ¢ [] ~
v ' . T N
L L. N A N N Yy
L 7
s
’ b

=N
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¥ . . ’ K ; . d
to collect the station performance statistics. Within the

4

array, a time status vector is used to keep track of the time t
when the status of a station changgg. " When an ope;afion is
completgd at a statiom, the duration from the previous status
cﬁangq is recorded as busy time. When a station begins an ’
operation the status of tﬁe station i;/chgcked, depending on
wﬁéth%r’the station wai idIe or down, the duration will be
recorded as 1d1e tlme or dawn time respectlvely When a

. station falls, the duratlon from a prev1ous status change is
recorded as 1dle or busy time depending on whether the station

is idle or busy at the time of breakdown?

4.5.2.3 Shuttle performégge summary: It includes the'uti;ESa- _j
tion of incoming, outgoing and ‘common shuttles. The maximum

yueug size observed during the entife simulation is also

‘rb , N .‘ .
recorded to provide a measure of the congestion in each shuttle.

If a é%afion'ﬁas a long id;e time and a high‘ﬁﬁil;;ation of
outgoing shuttles, the congeétioh is mbst likely the result of a
'congésted shuttle. . GAS? sﬁb;outine TIMST is used to collect
HﬂandAcompute the shugtlelperformdhce which are basically time
Pefsisfent Variab;es. . ' Do L

. - . \ . .

a

'4.5.2.4 Cart performance summarx It i#éludéé the tiﬁe“wheﬁ‘?he

cart is busy, 1d1e, waxtlng ‘and down Wéifing time refefs to

Tthe tlme when the cart 1$ wazt;ng at the statlon for loadlng or
a unloadlng because of a congested shutbie. These p1eces of’

.1nformatxbn are coilected in arra 5TﬁT and updated eVery

v, - . - LR
R .
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information is collected-for stations, The utilisation of

. carts prov1des a measures of whether sufficient carts are

avallable

—

4.5.2,5 Pallet performance summary: It includes the maximum

number of pallets used and the utilisétiqn of pallets. The
information is gathered by the GASP subroutine TiMST‘and
stored in array SSTFEV.\ Since SSTPV is'aISO'used for storing

shuttle statlstlcs, i¥ is divided into four segments. The » N

fdzst segmen¥ ocmqnung the first 10 sets of data (for a maxi-
of 10 pallet types) .is reserved for pallet statlstlcs. The
. shuttle statlstlcs on 1n85Hing, outgoing and . common shuttle

share ‘the remaining 45 sets of data (for 4 max1mum of 15

‘statlons) ' .
A typical printout of the system performance summary

is shGWp in Appendix‘G.

! L] - .
A ot . 4
4 . N ‘ .

4.6 . Graphical Output.

A tfpicel graphical displa*ﬁis shown in Figx«
It cqﬁsists of a schematic layodut of the eystem ich remains
pracgically unchanged throughdut.the simulatipf and the move-
" ment of parts and carts which are updafed ter each event,
It also dispiays a clock which indicate the time-et‘ﬁhiEh fhe

! status of the system is represented. The productlon of each

parb type is also shoim. ‘ A congested shugxle breakdown of

J

stations or carts are repgesented by ﬂlash;ng that ’ part'on

the display screen. - . | C f
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4.7 Verification and Validation
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The simulation and graphics are two separate programs.
Information on the status of the system, .required for the
graphdcal out?ut, is collected during the simulation and
recorded in a display status file (Fig. 4.7).

The period during which the display is.required can be
specified at the beginning of the simulation. The program also
allows the user to establish the display file under a:name
specified oy him. The graphical ouﬁpdg can therefore be
examined without reoeacing\the simulation program. 'The separation

: : . .

of the simulation and graphical animation also helps to reduce

the computer storage requiremeﬁt and hence allows -the simulation

of 4 bigger system requiring a,laréer working memory.

—

—
There are basically two,modes of display viz. single

step and contlnuous display. In 51ng1e step dlsplay, the dlsplay
proceeds in ""single steps, at the command of the user, It

allows the user to examine the sSystem status carefully

Continuous dlsplay prov1des an unlnterrupted graphical anlm;kion

of the simulated system
-

"Verification is the process of establishing that the

computer program executes as intended.VhIidation is the process

of estabklshlng that a desired. accuracy oT correspondence exists

between the 51mu1at10n model .and ‘the real system " [32].

It was therefore very important‘to‘verify and validate

L4

the.computer simulation package prior to its use in actual design

work. - ' (A,
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2 |3 14

1 516 |7 8 9 10 |
Part Type |Patt Types at'|Part Types at| Station | In-Shuttle | Out-Shuttle
In Station |In-shuttle Out-Shuttle Breakdown | Full Flag |Full Flag

’ ' Flag

4.7(a) Display Status Files for Station
(one record for each station)
1 2 34 s 6
X-coor. of y=-coor. of Part Types.in Cart Breakdown |-
Cart~ Cart Cart’ Flag
2>
.4.7(b) Display Status Files for Cart 1
' s (one record for each cart)
1 2 3
‘Part No. x—coo;f. of y-coor. of
on Pallet pallet pallet
4.7(c) Display Status Files for Pallets Travellmg on
_ Conveyor (only pallets on conveyor are recorded,
one record for each’ pallet) .
> ) P »
Fig. 4.7 Structure of Display Status Files'
o ’
1% ;
[
o 4 r"'
o '
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»

Two different methods have been used to verify the

FMSSIM nodel. The flrst method was to conduct a manual

" emulation of the system and record the sequence of events

that would’have occurred. This is’ then compared with the

sequence of events from the 1ntermed1ate output of ‘the model

"This procedure 1s thorough but time consuming. It was therefore

cohducted on a/ﬁif 'selected cases for. a relatively'short
duration (about 200 to 300 events).
The s2cond method was to check the graphical output

provided by the model. 'This method provided a quick way of

' checking the more obvious errors and any anomalies im the

) operatlon of the system such as 1nterference of carts, sequences

in which parts go through the system, etc.

| Common procedures used in model validation involve
a comparison of the model results\and the'actual system pen-
formance Slnce data onymost ex1st1ng FMS are proprletary,
we could only compare the general trend in Wthh the system
performance varies w1th the change of parameters. The flndlngs
were then checked with some published results from secondary

[

sources. Also models of 51mp1er systems have been constructed

‘u51ng a dlfferent language (GPSS) and run on the CDC 6400

The results wer? compared wrgh those obtalned from the FMSSIM

51mulator. N

o

Case studles have been de51gned not only to demonstrate“

how the model can be used to analyse dlfferent system con-

flguratlons and schedullng rules but alsoffb subject the model

to dlﬁierent sets of parameters for verxflcatzon and val;datlon Q_; .

Lt .
y - N \ ,,‘-" 0 '
P - - P L
. . v
P . N P
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A 'detailed description ofgchese case studies is the subject
of Chapter 5.
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CHAPTER & , : i
CASE STUDIES

5.1 Description of the Case ’ % .

;- A hypothetical case has been selected to demoﬁstrate
how the FMSSIM simulator can be used by a system desiéner to ' . k
assesé a proposed fléxible'ménufdﬁturing system. The i

hypothetical- system is de51gned to manufacture a famlly of

AN

six dlfferent types-of wear plates for centrifugal pumps

The process plans of each part type are giver in Appendix J.
\

lk
: y
consecutive operations to be performed in the same station,are
~ . A \

grouped into a single operation whose processing time is \
\

equal to the aggregate process time of all operatlons 1nc1udkng
\

To reduce the input.data required by the simulator, all

' tdol change as shown 1n the process plans (Appendlx J). Thes
parts are malnlx rotary parts with turning belng the major

. operation, and erlllﬁg and m1111ng as minor operations. It \i
is assumed that the raw castings for each part-type are in .
pientifui supply. The part type which is most arear
in its production.will have highest priéfify at the loading‘
station provided a suitable pallet is available. 'O£herwise
the part type which is next arear in production will be
introduced until all gvailaB}e pallets have been loaded into

- the systenm. When a part is.completed, it is :étufﬁed to. the

loading statjon to be removed fromtits'ﬁallet._ Another, part

77.
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will then be introduced.‘ The parts which require a change
of pallet to carry them through the dr1111ng and m1111ng
" operations will be returned to the loadlng station for

-

ref1xt§%1ng Tox T

R - ’ et .”“;z

5.2 Simulation Procedure <

In actual systems the machine selection is based on)
the machining requiremehts for all parts to be processed
in the system. For .the purpose of this case study, the
system was‘first configured intuitively, as shown in‘Fig. 5.1.
It cansi§ts of 6 sta%ions: 1 ioading station, 1 NC drill,
"1 NC mill and 3 NC'lathea. Each station has a de&i;ated
in—shuttleyand out-shuttle. The process timgs for each Part
type were taken from the process plans in Appendix*J. A y
datafile was generated following the format explaxped in the
user's manual (Appendlx B). An echo of the. 1nput data
can be obtained to check if they have\been properly entered.
The arrangement of data as they appear in the orlglnal data .
file and its echo prlntout obtained from the simulation
program are_shpwn in Appendix G.

Y

Computer simulation experiments were- conducted to
analyse the effects\of varioqa system parameté?s by-varying.
one paraﬁeter at a time.’ Ihtermédiate‘éystem berformanée
reports were collected and analysed to find out if the system.
has reached its steady séate. In most cases, the system

. reaches a steady state after aduratlon of 600 units of system

time (M1n ) which is equivalent to a 10-hour work sh1ft If stea&?
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A}

state has not been reached after this time perdiod, the
simulation was continued for another 200 time units and
the process would be repeated until a steady state was

obtained. Steady state analyses were based on production
¢

rate, total amount of work’berformed, station utilisation,
shuttle utilisation and cart utilisation (if carts were
used).

The following is a list of @xperimentsvconduégéd on ¢
the chosen hypothetical system.

\ . n
(a)  Experiment 1: A conveyor was used for magerial
. ’

handliné. The sensitivity of the

X

" system in response to variation in

B

conveyor speed was studied. The results
. . . are summarised in Table 5.1.

(b)  Experiment 2: A tow cart system utilizing'a unidirec-
ot 4 tional, track was used for material

' . .

~ handling. The sensitivity of the systenm

in reséon;e to variation in cart ndmbér

and speeds was stud@ed.l The' results are

summariged in Tabies\g.Z and 5.3.

(4

' (¢)  Experiment 3: ' The effectsﬁof in-shuttle capacity on:
| " both the ;onveyor)and tow-cart system

N T " were studied. The results are summarised

: : in Table 5.4.

'(d)‘ 'Experiment 4: The effects of out-shuttle capacity on

e o x ‘
' were studied. The results are summarised

in Table 5.5. .

" both the conveyor and tow-cart systems

‘
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i
(e) Experiment 5: The effects of number ;f péllets
~was examined for the conveyor system,
3 ' The effpcts of introdﬁcing an additional
lathe machine was also examined: The
results are summarised in Table 5.6.
(f) Experiment 6: Effects of different scheduling ruies

were. examined. The results are
summarised in iép1e~$.7.

{g) Ekpgriment 7: The effects of changing the topology of ‘
the system by removing the bypass was
examined for a conveyor system. The

\ . ) results are summarised in Ttble 5.8.

S
, )

5.3 Results and Discussion

% The major findings obtained from the outcomes of these °

simulation experiments are summarised as follows:

»
— .

5.3:1 Comparison of different material handling systems )

a

The resu%ts of Experiments 1 and 2 show that the con-
- veyor is a better materlal handllng system in comparison with
tow;carts neglectlng the factars of gconomy , rellab111ty and
physical limitations associated with'th twé,systems.l Its
use results in a higher total work.dong;(Fig. 5.2), especially
at lower transportation speed, and higher station dtilisation
\kfog 5. 3) It reduces congestion by providing add1t10na1

in- process stbrage space on the conveyor itself. Slpce
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EFFECTS OF TRANSPORTER SPEED
Data File FMSDTI1.DAT . i

System Layout : FIG. S.1

MHS : AS INDICATED
Number of Carts : AS INDICATED
Cart Speed : AS INDICATED

Out Shuttle Capacity: 2 POSITIONS
In Shuttle Copacity : ¢ POSITIONS
.Number of Pallets : 12 PALLETS *

Simulation Time 600 MIN.

CONVEYOR 4 6 CARTS

ju]
+ 5 CARTS X 4 CARTS X
¢ 3 CARTS - * 2 CARTS
X 1 CART .
2418. 04 . ' .
, e —
( — 7 . ,
// -
1934, 40 // )
g 7
=1450. 8¢ ’
Y /)
- \ ,
| +
¢ 967. 20 J
Y] ,
] /
T /
y / a
< 483.6d- / ya
o y -
= /
‘ﬁig L L ! Ly j
0. 08, 108. 0D 200. 80 300. 00 480, 90 500. 08

TRANSPORTER SPEED (FT/MIN)

Fig. 5.2 Effegﬁs of- Transporter Speed on Production.



EFFECTS OF TRANSPOQTER SPEED
Data File FMSDT1.DAT

System Layout :+  FIG. 5.1

MHS : AS INDICATED
Number of Carts : AS INDICATED
Cart Speed : AS INDICATED

Out Shuttle Capacity: 2 POSITIONS
In Shuttle Capdcity : 2 POSITIONS
Number of Pallets : 12 PALLETS

Simulation Time 608 MIN.

© CONVEYOR ’ 4 B CARTS

+ 5 CARTS . X 4 CARTS
. ® 3 CARTS + 2 CARTS

X 1 CART »

97. 58

78. 803

58. 59

39. 20

19. 50

PERCENTAGE UTILISATION OF LATHES

1Y
! A )

l |
B. 199. 08 208. 88 300. 80 40p. 29 500. P

TRANSPORTER SPEED (FT/MIND

Fig. 5.3 Effects of Transporter Speed on’ Station Utilisation.
B R . . . t 6
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different bart'types have different work content, the

total pumber of pa}ts completed 50 not provide an accurate
representation of the production rate of the system. The
total busy time for all stations is used for comparison
instead. In most cases, it still agrees quite well Qith the
total number of parts completed. As for the station utilisa-
tion, only the utilisation of the lathes are shown since they
are the most'heavily utilised and hence most critical in
their effects on the system performance.

For both material handling systems, the total processing
time (Fig. 5.2) and station utilisation (F;g. 5.3) exhibit
the same general trend. They increase with the transporter
speed and the number of cartshin‘the case of a cart system.
When the system approache; its saturation state, neither the
transporter speed nor the number of carts have any significant
effects on the system performance.

In the case of a cart system, the cart utilisation
tends to decfease as the number of carts and their speeds
increase (Fig. 5.4). Increasing the number of carts reduces an
individual cart's share of the total workload. Higher cart speed
results in shorter transportation time, hence a lower cart
utilisation.

Thef}hgshutfle queue size also increases as the
“number of carts and cart speed increase (Fig. 5.5). Opposite
trends are éxhibited by the out-shuttle (Fig. 5.6). This “is
predictable since both an increase in the number of carts and

their speeds will facilitate the removal of parts from the

-
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EFFECTS OF TRANSPORTER SPEED
Data File FMSDTI1.DAT

System Layout :  FIG. S.1

MHS : AS INDICATED
Number of Carts : AS INDICATED
Cart Speed : AS INDICATED

Out Shuttle Capacity: 2 POSITIONS
In Shuttle Capacity : ¢ POSITIONS
Number of Pallets t 12 PALLETS

Simulation Time 608 MIN.

® 6 CARTS 4 5 CARTS
+ 4 CARTS X 3 CARTS
¢ 2 CARTS + 1 CART

94.3

78,1

63. 94

48. 7§

33.58

PERCENTAGE UTILISATION OF CARTS

18. 4 ! | 1 &
198. 28 160. 80 268. B8 348, 99 428. pA Sed. 88

TRANSPORTER SPEED (FT/MIN)

Fig. 5.4 Effects of Transporter Speed on Cart Utilisation.
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EFFECTS OF TRANSPORTER SPEED
Data File FMSOTI1. DAT

System @ayout : FIG. S.1
MHS : AS INDICATED
Number of Carts "+ AS INDICATED
Cart Speed : AS INDICATED'
Uut'Sij:;i:tCapacity: 2 POSITIONS
In Shuttle Lapacity s 2 POSITIONS
* Numbe allets : 12 PALLETS
Simulation Time 688 MIN, Q
© CONVEYOR 4 6 CARTS
+ 5 CARTS - % 4 CARTS ‘ .
¢ 3 CARTS . + 2 CARTS o . T”
X 1 CART )

JN-SHUTTLE QUEUE SIZE (NO. OF PARTS)

0.0 . ! | 1 I
100. 90 188. 20 268. 08 343. 28 428, 08 58, gg°

TRANSPORTER SPEED (FT/MIN)

Fig. 5.5 Effects of Transporter Speed on In-shuttle Queue Size.
) -y
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EFFECTS OF TRANSPORTER SPEED

Data File FMSDTI.DAT :
System Loyout ' : FIG. 5.1

MHS . :  AS_ INDICATED

Number of Carts : AS INDICATED

Cart Speed : AS INDICATED .
" Out Shuttle Capacity: 2 POSITIGNS /

In Shuttle Capacity : 2 POSITIONS & :

Number of Pallets : 12 PALLETS

QUT-SHUTTLE QUEUE SIZE (NO. OF PARTS)

Simulation Time 688 MIN.

& CARTS 4 5 CARTS

o

+ 4 CARTS X 3 CARTS
¢ 2 CARTS + 1 CART
X CONVEYOR

L

8.0 I ! I e 1 - .
1940. 68 160. p8 268. 80 344, 99 420. 98 '+ 5P0.89

TRANSPORTER SPEED (FT/MIND ,

. 5.6 Effects of Transporter Speed onOut-shuttle Queue Size.
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out—shuttlé and briné in parts to the in-shuttle at a
faster‘}ate. This has an éffect of shifting the load from
the out-shuttles to the in-shuttles.

The conveyor can be considered as an gnfinite number
of carts since it is always available when needed. As a
result, "if conveyor is used, the out-shuttle queue size is
pf;ctically nil (Fig. 5.6). The in-shuttle is the
bottleneck of such a system. Higher station
ﬁtilisgtion can be ensured by the provision of sufficient
queueing Space at the in-shuttles.

B Examining Fig. §.3 wﬂcn é tow-cart syézemeis used;
‘the ideal cése appears to be 3 carts at 200 ft/min. There-
fore, when 1 cart breaks down, the remaining 2 carts can still
maintain a relatively high production rate. In fact if the
speed gf'the remaining 2 carts can be in;reased to 300 ft/min.,

the system will have as high a production and station

utilisation as that having 3 carts running at 200 ft/min.

L

%

.5.3.2 Effects of in-shuttle capacity

The main function of an in-shuttle is to provide in-
process storagé space for the incoming parts. This helps to
ensure a steady supply of parts to the station. Since it is
very'co§tly to keep an expensive machine idle, it is always
desirable to have as much storage space as possible before
the machiﬁe. However, 1imitea flﬁor space often aoes not
aliow for cxcessiﬁe‘queuing. Some trade-offs must therefore

be made based on the results of simulation as well as all

L3
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other factors.

The sensitivity of the system performance in

response to Yhe change in the in-shuttle capacity was

studied for vajrious cart speeds. The effects that in-shuttle
capacity has qn the station utilisation (only the average
utilisgtion of the lathes was considered) and the average
nuinber of parts euing at the dn-shuttle of the lathes are
shown in Figs. 5.7Nand 5.8 respectively. 1In conducting these

experiments, only the i)-shuttle capacity of the lathes (the

.’ most heavily loaded machjfines) are altered. The queue sizes

at other station eld constant. The experiments were

conducted for carts at various cart speeds (100, 200 and 300
ft/min.) as well as a conveyE?Jtransporter at 100 ft/min.

The results constitute strong evidence thét,for the
system under consideration, in-shuttle capacity of 1 part is
sufficient to ensure very high station utilisation. There
is however a significant improvement in the production rate
as well as facility utilisation when the in-shuttle capacity
increased from zero to 1 part.

From Fig. 5.9 it i1s also noted that the in-shuttle
utilisation is Véry low for all cart speeds which indicates
that in this particﬁlar case, the in-shuttle capacity is not

critical. Since the number of pallets used in. this case are

smail{the maximum number of parts fldating in the system

)
{

is expected to be c "small in all cases. Thé'in-shuttle

utilisation is higher at faster cart speéds'siﬁply because

the cart is bringing in the parts at a faster rate, however,

-

Py



EFFECTS OF IN-SHUTTLE CAPACITY
Data File FMSDT2. DAT

System Layout : FIG. 5.1 .
MHS\\\k‘ : AS INDICATED
Number of Carts : 2 CARTS

Cart Speed : AS INDIC

Out Shuttle Copacity: 2 POSITIONS
In Shuttle Capaoity : AS INDICATED
Number of Pallets : 12 PALLETS

Simulation Time 608 MIN.

© CONVEYOR (108 FT/MIN) & CARTS (308 FT/MIND
+ CARTS (2088 FT/MIND X CARTS (188 FT/MIN) .

86.7

84. 4

-

w

T

'—

<

3

"

S

=

& 721

-

-

L

= )

5 se.ed_

w [ .

]

-l

'——

G

& 4750 -

i «

) / > [ad
o L | L |

2. Bg 8. 68 ’ 1.28 1.68 2. 48 3.08

IN—éHUTTLE CAPACITY (NO. OF PARTS)

Fig. 5.7 Effects d?ﬂln—shuttleNCapacity on Station Utilisation.
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EFFECTS OF IN-SHUTTLE CAPACITY
Data File FMSDT2. DAT

System Layout : FIG 5.1
MHS + AS INDICATED
Number of Cartse : 2 CARTS
Cart Speed : AS INDICATED

But Shuttle Capacity: 2 POSITIONS
In Shuttle Capacity ¢ + AS INBICATED
Number of Pallets ¢ 12 PALLETS

IN-SHUTTLE QUEUE SIZE (NO. OF PARTS)

Simulation Time 688 MIN.

© CONVEYOR (188 FT/MIND = CARTS (388 FT/MIN)
+ CARTS (288 FT/MIN) =% CARTS (188 FT/MIN)

1.31..

IN-SHUTTLE CAPACITY (NG. OF PARTS)

Fig.

5.8 Effects Qf,fn—shuttle Capacity on In-shuttle Queue Size.

[ )

|
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EFFECTS OF IN-SHUTTLE CAPACITY
Data File FMSDT2.DAT

System Layout : FIG. 5.1
MHS . : AS INDICATED
Number of Carts :+ 2 CARTS
Cart Speed : AS INDICATED

Out Shuttle Capacitys 2 POSITIONS
In Shuttle Capaoiﬁy : AS INDICATED
Number of Pallete : 12 PALLETS

Simulation Time 680 MIN.

® CONVEYOR (188 FT/MINY & CARTS (308 FT/MIN)
+ CARTS (208 FT/MIND X CARTS (188 FT/MIN> -

PERCENTAGE IN-SHUTTLE UTILISATION

IN-SHUTTLE CAPACITY (NO. OF PARTS)

Fig. 5.9 Effects of In-shuttle Capacity on In-shuttle Utilisation.
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they are far from saturation. If more‘pallets are used,
this may no longer be true. This point will be studied

later in this chapter.

5.3.3 Effects of out-shuttle capacity

Qut-shuttles provide a temporary storage for parts
leaving the 'station and waiting for the transporter to carry
them to their next destination. A congested out-shuttle will
cause a part to remaln on the station after its operation is..
completed and thus keeping an expensive piece of gquipment
idle. It is therefore desirable to have as big a storage _
buffer| in the out-shuttle as possible. However, the maximum
size o an out-shuttle is again constrained by the floor
space allocated to each station.

The effects of out-shuttle capacity on the station
utilisation and queue size building up in the oyt-shuttle
were studied for various cart speeds. ' As in the case of
in-shuttle, only the out-shuttle capacity of the lathes were
changed with in-shuttle capacity of other stations held con-
stant.

The results show that in the case of the conveyor the
average queue size at out-shuttle is ‘always very low (Fig.

§.11). Since the conveyor is always available for the trans-

portation of parts out of the stations, the parts never have

to wait in the out-shuttle unless the conveyor breaks down.
The out-shuttle capacity therefore has very little effect on

the station utilisation in the case of a:conveyor (Fig.'S.lO).

¥
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EFFECTS OF OUT-SHUTTLE CAPACITY
Data File FMSDT3. DAT
System Layout +  FIG. S.1
MHS « ¢ AS INDICATED
Number of Carts : 2 CARTS
Cart Speed : AS INDICATED
Out Shuttle Capacity: AS INDICATED
In Shuttle Capaoity + 2 POSITIONS
Number of Palletse 1 12 PALLETS
.
N |
"Simulation Time 588 MIN.
® CONVEYOR (188 FT/MIN) 4 CARTS (388 FT/MIND
+ CARTS (288 FT/MIN) > CARTS (188 FT/MIN)
9510 L o ® o
r/’
[90] /’/
w ,/
r ~
5 84.5&.. //
s
& 73.98_ —
'——
&
=
5 632.33-
w
]
=<
&
9 52.7q__
a
42.11&_/ | P L 1
8. 20 8. 68 1.2@ 1.8 - 2. 48 3.08
QUT-SHUTTLE CAPACITY (NO. OF PARTS)

Fig. 5.10 Effects of Out-Shuttle Capacity on Station Utilisation.
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EFFECTS OF QUT-SHUTTLE CAPACITY
Data File FMSDT3.DAT

System Layout- .t FIG. 5.1

MHS + AS INDICATED
Number of Carts t+ 2 CARTS

Cart Speed "1 AS INDICATED

Out Shuttle Capacityr AS INDICATED
In Shuttle Capacity 1+ 2 POSITIONS
Number of Pallete 1 12 PALLETS

Simulation Time 688 MIN.

. © CONVEYOR (188 FT/MIN) 4 CARTS (388 FT/MIN
_» + CARTS (288 FT/MIN X CARTS (189 FT/MIN)

OUT-SHUTTLE QUEUE SIZE (NO. OF PARTS)

OUT-SHUTTLE CAPACITY (NO.- OF PARTS)

Fig. 5.11 Effecté of Out-shuttle Capacity on Out-shuttle
Queue Size. )



For a cart system, an increase in out-shuttle capacity
is accompanied by an increase in station utilisafion (only
the utilisation of the lathes were considered). Again, the
effect is only sighificant when the out-shuttle capacity
changes from zero part to 1 paft. Any incrggse beyond 1 part
does not significantly increase the station utilisat?bn. This
is partly due to the f;ct that the number of pallets used
(12 pallets) is relatively low.

The results also show that the out-shuttle utilisation

declines with an increase in transporter speed (Fig. 5.12).

Since the faster the transporter travels, the higher will be the

rate of part removal from the out-shuttle and the less time

the paits will have to wait in the out-shuttle. This indicates

that with a faste} cart speed, we can afforg to have a smaller
out-shuttle capacity, or in other Qords, a slower cart speed
can be compeqsated fofrby providing a larger out-shuttle
buffer.

Both the in-shuttle and out-shuttle serve as useful
buffers when there is a station breakdown or a transporter
breakdown. The optimum shuttle's capacity depends on the
type of frangpofﬁeT, the speed of the transporter and the
maximum number of pallets allowed to cnter the system,

i

5.3.4 Effect of numbér of pallets

Four different pallet types are used in the system’

under consideration. Each of them has a fixture for diffenq?t

\
~

part types. Increasing one pallet type will increase the

AN
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/

Data File FMSDT3. DAT
System Layout :
MHS :
Number of Carts 3
.Cart Speed :

\ fut Shuttle Capaoity:
In Shuttle Capacity :
Number of Pallete

EFFECTS OF OUT-SHUTTLE CAPACITY

FIG. 5.1
AS INDICATED
2 CARTS

AS INDICATED

" AS INDICATED

2 POSITIONS
12 PALLETS

N

Simulation Time

78. 88

42.80

28. B

PERCENTAGE OUT-SHUTTLE UTILISATION

© CONVEYOR (188 FT/MIN)
+ CARTS (2088 FT/MIND

i

608 MIN.

x CARTS

A CARTS (308 FT/MIN)
108 FT/MIND

14. 8
B.2 ! St . S L &b
B, 8. 69 1.29 l.60 2. 40 3.00
OUT-SHUTTLE CAPACITY (NO. OF PARTS)
Fig. 5.12 Effects of Out-shuttle Capacity. on Out-shuttle

Utilisation.

/" kY
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probability of intfoducing the corresponding part type.
Hence, the number of'qll pallet types was changed by, the
same amount and the results were coilected for 8, 12, 16 and
20 pallets.

The results-show that Ehc station utilisation and
total processing time of all stations increases with the
number of pallegs (Fig. 5.13 and 5.14). _ This trend continues
until the system reaches its saturation state when the
station utilisation is so high that any further increase in
pallets d§es not affect the production ratec any morc. Instead,
the extra palléts will wait at the shuttles for a longer
time. This can Ye seen iﬁ the rapid increase in the in-shuttle
qﬁeue size (Fig. 5.15).

The number 0£ pallets determines the maximum number of
parts allowed in the system. We would expect the production
rate to incrcase with the number of pallets as long as the
flowtime remains unchénged. However as the stations become
saturated, the {lowtime will increase since the parts have
to wait in the quecue for a longer time. This nullifies the
effect of increased numbér of pallets.

t

§.3.5 Effects of introducing an additional lathe

In this particular system, the lathes are most
\
heavily utilised among all stations, The effect of introduc-
ing an additional lathe into the system is examined for

different pallet numbers. The new system layout is shown

in Fig. 5.16,

-
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EFFECTS OF PALLET QUANTITY..

Data File . FMSDT4. DAT

System Layout 3
MHS :
Number of Carts t
Cart Speed t

Out Shuttle Capacity:

In Shyttle Capacity POSITIONS
Number of Pallete g S INDICATED

FIG. 5.1 AND FIG. S.16
CONVEYOR

NIL

NOT APPLICABLE

2 POSITIONS

PERCENTAGE UTILISATION OF LATHES

[ 8

Simulation Time

© 3 LATHES

688 MIN.

A 4 LATHES

8. 99

{ {
18. 48 12.88

NUMBER OF PALLETS

!
15.28 17.68 28. 08

Fig.

*5.13

Effects of Pallet Quantities on Station Utilisation.
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EFFECTS OF PALLET QUANTITY

Data File FMSDT4. BAT
Syetem Layout 3
MHS :

Number of Carts $

!
Cart Speed t
Out Shuttle Capacity:
In Shuttle»quacity s

Number of Pallets

FIG. S.1 AND FIG. S5.16
CONVEYOR

NIL

NOT APPLICABLE

2 POSITIONS

2 POSITIONS

AS INDICATED

3g21. o4

2812, &4

MIN

2396. 4

2188. 20

TOTAL PROCESS TIME

6504. SJ_

o

[ =)
%)
je o)
=
[-3-~)

Simulation Time

© 3 LATHES

6080 MIN.

4 4 LATHES

1

1 i
18, 40 12.88

NUMBER OF PALLETS

l
15.28 17.68

<0. 80

Fig. S

.14

Effects of Pallet Quantities on Production.
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EFFECTS OF PALLET QUANTITY

Data File FMSDT4. DAT

System Layout :
MHS :
Number of Carts t
Cart Speed :

Out Shuttle Capacitys
In Shuttle Capacity 1
Number of Pallets !

FIG. 5.1 AND FIG. S.16
CONVEYOR

NIL

NOT APPLICABLE

2 POSITIONS

2 POSITIONS

AS INDICATED

IN-SHUTTLE QUEUE SIZE (NO. OF PARTS)

Simulation Time

© 3 LATHES

g. 1

688 MIN.

A 4 LATHES

1
8. 09 18. 49 12. 88

NUMBER OF PALLETS

13.28 17.68 - 20. g

Fig

k3

.. 5.15 Effects of Pallet Quantities on In-shuttle Queue Size.
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Comparing the two sets-of results (with and without
the additional lathe) we found that the production rate
(in terms of the total processing time) increases significantly
with the introduction of the additional lathe (Fig. 5.14).

However, this can onl¥sbe realized if there are sufficient

pallets to ensure that all lathes have an adequate supply of

parts to maintain their high utilisation rate.

Since the' work load is shared by more machines, the
average machine utilisation (for the lathes) is found to be
lower than it was previously. Nevertheless, it is expected
that with a further increase in the number of pallets, the
machine utilisation will eventually approach the previous level
wheén the system reaches its saturation statec. . The plot in
Fig. 5.13 clearly indicates this trend.

Another effect of introducing an additional lathe is
the reduction of in-shuttle queue size (Fig. 5.15). Since
the parts are distributed among more available facilities, this
effect was expected.

From these results, we conclude that the introduction
of an additional lathe in this system must be accompanied by
a corresponding increase in the number of_palleté in order
to achieve the desired increase in production. The economic

justification of an additional machine, however, is beyond

the scope of this research.

5.3.6 Effects of different sgheduling rules

Scheduling rules play a very important role in selecting
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the part type to be machined and consequently have their \‘~\<\
effects manifested in the overall production ratios of each
part type produced aﬁd the utilisation of various stations.

In order to brovide equal chances for each part tybe
to be introduced into the system we have allocated the same
number of pallets to each part type, i.e., three pallets for
each of the six part types. The experiments were conducted

for four different sets of scheduling rules. These rules

»

are: -
(a) SPT: - shortest processing time
(b) FOPNR: - fewest number of operations remaining
(c) FIFO: - first in first ou; N .

(d) Random

The results are summarisﬁd in Table 5.7.

i

(a) SPT Rule: Usihg this rule, when more than one ﬁart

is waiting in the in-shuttle, the part

which has the shortest processing time at
the current station is selected. The
objective is to clear the shorter joég first
so .that the average waiting time of all
parts will be reduced. . The results show that
the SPT rulé leads to the highest production
rate in terms of the total number of parts
produced as well as the total processing
time of all stations. However, it naturally

favours the part types with short processing
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(b)

FOPNR
Rule:

of the lathes. The total quantity of parts

113

time whtle %he more “lengthy jobs (e.g.,
parf'£ype 1) have very low priority and

are produced in very small quantity.- The

SPT rule 4lso tends to improve the utilisa-
tion .0f the less critical stations such as

the drilling machine and the milling machine,

{\
while maintaining equally high utilisation -

completed increases significantly when the
SPT rule is used but the total processing

time of the system does not increase pro~
portionally since the parts produced have
shorter processing time. The average through-
put time is also reduced substantially in

comparn,wkth those obtained using other

Y

scheduling rules.

This rule selects the part which has the

least number of remaining operations. The
results show that the production rate is the
lowest in comparison with other scheduling
rules. It also tends to produce only the

jobs with less number of operations. Part
types which require more operations (e.g.,
type 4 and type 6) are given very low priority

and are produced in very small quantities,

L
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(c) FIFO
Rule:. - This rule selects the parts on a first come
first serve basis. Production rate and
utilisation of stations aré average. It
‘produces afi part types in almost equal
quantities.
(d) Random
Rule: - The rule selects the part randomly. The

results are similar to the FIFO rule. <All
part types ar%&produced in more or less equal
quantities without any preference for certain

part ‘types.

Within the context of this particular systeﬁ under
study, the SPT rule seems to be the best scheduling rule as
it gives higher production, higher utilisation of the less
critical stations, §horter throughput time and less congestion

at the in-shuttles. e

5.3.7 Effects of removal of the bypass

The bypass, as discussed previously, is meant to pro-
vide a shorter route for those parts which do not require a
milling operation. After drilling, parts can be returned to4
the loading station for refixturing via the shorter route
between track point 13 and track point 2 (Fig. 5.1) The bypass
is, therefore, expected to reduce the transportation time of
those parts which do not require a milling operation. The\

v

bypass is removed to test whether it has served its 1ntended

functlon.¢/jhls experiment also demonstrates the ability of
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the program.to allow the user to changg the system topology
quite easily. The new topology is shown in Fig. 5.17. The
changes involved are simplyﬁyhe removal of the two track
points that.dgfine the bypas%. Table 5.9 shows the change in
input data for the new topology. The effect gf removing the
" bypass was studied for the case of a system gsing a conveyor
with transportation speed of 100 ft/min. )

The results (Table 5.8) show that the bypass did
improve the throughput time of those part types requiring no
milling operation (types 1, 2, 3 and5 ) except for typeS.
HgWever, it does not result in a significant improvemer/'in
station utilisation and producti;} rate since the transporta-
tion tima$ are relativelyishort compared with process time
and waiting time at the shuttles. Therefore any improvement
on the transportation time will only have a very minor eﬁfect

on the overall performance of the system.

5.4 Recommendations
)

This,case study provides-examples of the kind of

issues that jcan be easily explored using‘the FMSSIM simulation.
It provides insight and useful information abéut the effect

of various parameters on the operation of the system. This
simulator however does not include any cost analysis or
economic considerations, The user has to consider the simula-
tion results together with other important aspects to arrive
at a final conclusion. Fot instance, the choice between

different types of material handling systems will depend very
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18
1 0 2 0 0 0
2 0 3 0 0 0
3 1 4 70 0 0
4 1 5 0 0 0
5 0 6 0 0 0
b 2 7 0 0 0
7 2 8 0 0 0
8 0 9 0 0 0
9 3 10 0 0 0
10 3 11 0 0 0
11 4 12 0 0 0
12 4 13 0 0 0
13 0 2 14 0 0
14 5 15 0 0 0
15 5 16 0 0 0
16 0 17 0 0 0
17 6 18 0 0 0
18 6 1 0 0 0
(a)
i
6
0 2 0 0 0
1 3 0 0 0
1 4 0 0 0
0 S. 0 0 0
2 6 0 0 0
2 7 0 0 0
0 8 0 0 0
3 9 0 © 0 0
3 10 0 0 0
10 4 11 0 0 0
11 4 12 0 0 0
12 5 13 0 0 0
13 S 14 0 0 0
14 0 15 0 0 0
15 6 16 0 0 0
6 6 1 0 0 0
(b)’

TABLE 5.9 Track Description for System With (a) and Without (b) Byp'a>ss.

100
100
100
100
100
170
190
260
240
2460
260
260
260
260
260
260
190
170

100
100
100
100
170
1920
2460
240
260
260
260
2460
250
260
190
170

\\

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100

100 -

100
100
100
100
100
100
100
100
100
100
100
100
100
100
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“much on thé cost of installation as well as the operating
casfaof each systeﬁ: A cart system with 3 carts moving at
300 ft/min. may be comparable to a conveyor system moving
at 160 ft/min. with respect to the various performance
measures studied. Also the increase in production with the
introduction of an additional lathe has to be viewed.in the
light of the extra capital cost(incurfed. Economic considera-
tions are however beyond the scope of the present research.

Ffom.the results of the simulation, we have observed
several consistent trends which may be applicable to other
flexible manﬁfactdring systems. The results obtained up to
this stage are consistent with the findings reported by’
other simulation models. A summary of these common findings
is given as follows:

(1) The SPT scheduling rule has been found to be consist-
ently the mostleffective for minimising flowtime and
maximising station utilisation. Eden [33]’tesfed
10 dispatching rules and found that SST (Shortést
Service Time - similar to SPT) "{§-most likely to give
highest ﬁtilisétion for the system". This is further
confirmed by Conway [34] who conducted studies on a
variety -of joB shop conditions and Hutchinson [29] who
has performed several simulation tests on flexible
manufacturing systems.

(2) PRunqeﬁJ[24] has compared conveyor and cart sﬁged using

By the CAMSAM Model and reported that ”Conveyorigéd

system is more productive than the cart system for a

n Bt e

“x

W
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(3)

(4)

(5)
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'broa%’iipgé of speed". The criteria used for com-
parison in that model was based on machine utilisa-
tion.

Solberg [8] using his CAN-Q mathematical model'has
prédicted that increasing the number.of pallets will
résult in an increase in production, statijion utilisa:
tion .and average queue size. The same findings were

reported by Runner [24] using the CAMSAM Model.

Runner [24] also found that at high speeds, the

flexible manufacturing system is relatively insensi-
'tive to the speed of the cart\“\However when the cart
speceds were lowered,'the production rate and machine
utilisatién decrease rapidly.

Hutchinson [20] in summarising some of his simulatian
results commented that it is more effective to have
parts waiting to be processea at in-shuttles than to
have parts accummulating on the out-shuttle. The
experimental results of the FMSSIM simulator show

that high station utilisations are often associated

with high in-shuttle utilisation.

All findings reported above are in agreement with the

general trends observed in the results of this case study

using the developed FMSSIM simulator.

Some recommgndations derived from the outcomes of

the case'study are:

(1)

A conveyor is a better material handling system in =~
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terms of increasing production, improving facility
utilisation and reducing congestion since it acts
as an infinite buffer forpparps»in the system. How-
ever, 2 cart transportation system may be more
adaptable to complicated network‘topologyﬂ

(2) In-shuttlesand oﬁt-shuttles provide the essential
buffer to maintain high facility utilisation. The

r optimal: size of the buffer depends very much on

thé type of material handling system, the speed and
number of transporters?

(3) The flexible ﬁaqy{actﬁring system is very sensitive
to the availability of fixturéd pallets.‘ Since the
Tpart {;pes introduced into the system depend on the
availabil¥ity of thé pallet type thaf can hold the
parts, the distribution of pallet types has an
important effect on the final pattern of the part
mix produced. This can be used to tailor the production
to the custome}'s orderg. >

(4) Any additional facility must be accompanied by a
corresponding increase in the number of pallets to
reap the full advantage of the extra production«
capability. ‘

(5) The effectiveness of a flexible manufacturing system
relies very mubh on the particular set of schéduling

rules used in dispatching-and scheduling. SPT is

effective in improving the production rate and

thﬁiigpp&f‘time but jobs with lohger‘processing time

s
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tend to stay in the systém for a long time. This
effect will be equally pronounced irfespective of
the m#gnitude by which.the processing times differ
from one another. Therefore if the original part
mix has part types which differ very slightly in
their processing time they will still have this
lopsided production pattern without anyhsignificant
improvement in the overall system performance when
the SPT rule is used. The type Qf scheduling rule

must therefore be selected carefully depending on the

.type of part mix, and the developed simulator can be

used effectively for this purpose.



CHAPTER 6

CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

6.1 Conclusions

The FMSSIM simulator has been provén to be a useful
testbed for studying both the dynamic and steady state
behaviour of a proposed flexible manufacturing system. ?g,h
can modclla wid® variety of flexible manufacturing systems
with different topology, different part mix and different
decision rules. The two most commonl; used materidl handling
systems (i.e., carts and conveyor) can be simulated. It alsq
has the capability of simulating random breakdown,Ph?nomena
and different part arrival patterns. )

Another distinct feature of the FMSSIM simulator
is the graphical output produced on the monitor. The graphi—
cal output condenses the status of the system into an easily
interprétabie visual display. It shows the system cloack,
production figures of all pa;t types and part movement through
a schematic layout display. Breakdown of components and .

congested shuttles are indicated by flashing the correspond-

ing component aon the monitor.

Since, in most cases, the simulations have to be
repeatcdtmany times in the search for an optimal solution,

the amaynt of work incurred in chan&ingﬁfhe data can be enorm-

122
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ous. The capability of the FMSSIM simulator is further

enhanced by the simplified format for inputing data. The

" elimination of the initialisation data required by the

simulation language and the ease of editing data on the

monitor have substantially simplified data input compared

.with many other simulators deveioped so far. . With all the

data readily collecéed it takes .less than an hour to set
up a data file similar in-size to ‘the one used in the case
Study and any subSequegl changes of parameters will be
trivial. Simplified data input is a great advantage. The
input data diagnostics and printout of data in an easily
readable format enables the user to check the inpdt data before
he proéeeds with the simulatijon. This reduces the debugging
time quite sub;tantially.

The system output can be'easily diagnosed.

User's defined decision rules can also be implemented

after the user becomes familiar with the 6rganisatipn of the -
data)structure (Refer to user's manual for illustration
Appenle B).

Unlike most of the other models dgveloped so far, the
FMSSIM simulator does not rely on ‘the availability of any |
simulation language processor. It is a standalone package
which can operate on any compufer with a Fortran compiler.
The GAéR simulation package has been simplified and incorporated
into the FMSSIM siqylator. The size of FMS that can be

simulated by FMSSIM simulator is constrained only by the memory
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of pheicomputer used (Refer to Appendix B for the limits

\\\\\\\\\\\\\\\\\\\\

\‘\‘\ e oo

The FMSSIM simulator 1mp1emented on the PDP 11/34 requlres
22 K of memory. The‘graphlcs package whlch operates separately,
from- the simulator requires 16 K~ of-memory.

The simulation time on a.computer varies with the
compiéxitylof the system. It is proportional to the(numbef
.of events required to simulate the system and not their ~
.duration.: As the number .of statiqns,,parfs, routes, pallets |

etc. increases, the computer simulation time will also increase.

In the’case—studies, the average simulation time required to

< ——

simulate each case for 600 time units varied from’half an
hour td 45 minutes.:
.The FMSSfM simulator can be a useful tool for the flexible g

i
manufacturlng system d651gner in the . fq110w1ng aspects -

\Fa) Design of Flexible Manufacturlng Systems : ..
The FMSSIM 51mu1ator can be used to obtain qualitative

and- quantitative information’about most flexible mahﬁfacquring
syste;s.l_lfaallows the designef to experiment with .various
alternatives before building the actualvcostly system.' It
‘can be used to prediét the actual produc%ioﬁ figures and
indicate thch elements in the system are most critical. In
:the design of an optf%al system, one alwafs wishes to
" minimise capital investment anq maximise proauctiop and
prdfit. Howe&en, this must be dpnerﬁith the fullgawaréness

of the impact each piece of equipment hés on the overall

performance of the §ystem} The FMSSIM ‘simulator can serve

be s
%

-4

s
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as a very useful experimental tool to gain insight into the

interactions. of various system components.

(b) Operation of Flexible Manufacturing Systems

Graphical outpﬁts obtained from the simulation permits
the user to watch each individual part as they progress
through the system to see where congestion may occur, This
can be extremely useful in the actual operatién of a system.
Most simulators produce 1engthy printed outputs which describe
the status of the system at specified times. Examination'and
anhly;is of -such reports may take a long time. The graphical
output shows the operétion of the system in an easy to under-
stand visual form. The ability to produce«a graphical output
.represgnting the actual system also points towards the pot-
ential of develéping the .simulator into a real time controller.
The simulator provides a set of scheduling rules for

the user to experimenf with, FromKthe simulation report, the
~user can then compare the operafion of the system under
different scheduling rules and select one which will produce
the optimum operating condition.

‘ In conqlusion, the FMSSIM simulator has achieved the
folloving tasks: - R

(1) It prediéts the utilisation of various components
‘\. in the EMS such és stafions, shuttles and
' carts. I |
(2) It identifies the critical elements in the system.
(35 It analyses - different network topologies

o
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<

(4) It predicts the sensitivity of system pérformance
to changes in transportef“speéd, pallet qﬁantity
and queue size,

(5) 'Ip displays the movement ‘of parts,within the system:

6.2 Suggestions for Future Researchy ,

- B
There are several areas which represent logical

3

extensions of the current research.

6.2.1 Cost analysis S

~

7
o

Cost minimisation is the primary aim for all produ&-
tion systems. Cost analysis is therefore an important as:ztt

for future investigafion. Attempts should bé made to bre
down all costs assoéiated with a Flexible Manufacturiﬂ;
System. The production cast in manufacturing each workpiece
cgh be estimated based on the direct machine hours‘utilised
and the estimated’usage of other facilities such as trans-
portation systém‘and computers. The operating cost can then
N .
be compared with\other alternative production systems.
Another cost related issue is to develop a cost based
composite sche&uling rule. The scheduling rules used so far
afe based on performance criteria such as throughput time,
work-infprocesé inventory and lateness. In real. life often
decisions afe made using cost as a performancé measure. A
more:univergél scheduling rule would be to use a.cost based

scheduling rule in grder to optimise operating cost of

processing a particular part mix.
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6.2.2 Interactive control module

The ability té produce a graphical output upéated’
from event to event is made possible by maintaining. an rarray
of status flags for each entity\in the system and keeping
track of their status as the simulation pfoceeds. _The same
'facilitiqg(can be of great value for a real time scheduler
by allowing the user-to interrupt the simulation process to
alter the various decision rules and to introduce changes to
the system. This interactive man-machine deéision‘system
elements will be an imbortant sfep towards a real time

*
scheduler . Looming in the more distant horizon would be

the interfacing of the scheduler with an actual ﬁhysical

* +
_system or model to provide a real time controller for such

a system..

’ \

%  The extensions discussed in Section 6.2.2 were provided

by Dr. H. ElMaraghy [35].
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APPENDIX B

USER'S MANUAL

B.1 Introduction

The simulation of FMS is ctonducted in two stages
by executing two scparate programs viz. FMSSIM, the basic.
simulation paé&agc, and EMULAT,-the grgphical emulation
package. . K

Puring the first stage of the simulation, the program
FMSSIM collects all vital statistics on the various perform-
ance measures.. It also records the status of the various
system components as the simulation proceeds throqgh the
occurrence of each event, This record is written onto a
display status file. The information in this display status
file can be retrieved to generate graphical animation S;;

. ~
cxccuting the second program EMULAT. =

B.2 Description

The FMSSIM package coﬁsists of 71 subroutines, among
which 12 are modified GASP subroutines. The EMGLAT package
consists /0(12 subroutines linked with GLIB and SYSLIB from
RT-11. }~) ief description of these subroutines is given in
Appendix D. Different file extension codes are used ta
identify the different types of subroutines (e.g., FMS for
FMéSIM subfoutines; GSP for GASP subroutines and GRF for

P
graphics subrountines).



137

Botﬁ packages are overlayed to reduce the domputcr
storage requirements. The overlay structu?és are shown in
Appendix F. The present simulator using up to 22 K words
of memorx for FMSSIM and 16 K words of memory foS;EMULAT
can simulate a system confined to the following limits:
Maximum number of part types = 10
Maximum number of parts in the system = 20
Maximum number of operations for each part type = 10

Maximum number of alternate stations for each operation = 4

Maximum number of stations = 15

Maximum shuttle capacity (each type ) = 3

Maximum number of éal}et types = 10

Naximum number of pallets = 20

Maximum number of cart types = 4

Maximum number of carts in the system = 10 . !

Maximum number of track points = 40

B.3 Simulation_ Prodéecdure

The general procedure for a simulation is described
as follows. A simple system with its spec}fications explained
in Fig. B.l is used for illustration. .
(A) Set up a data file according to the format presented
inaTaBle B.1 using any text editor available. All
data files should be identified by the file egpcnsianv
code .DAT Modifications of existing data files can

also be done using the text editor.
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gl STN 2°
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16’ |sTN = : o ' STN |16
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o % ) N
! ."¥§37o' S . J1o
*STN |—~LOAD UNLOAD ~ STN 2—DRILLING STN
STN 3—MILLING STN ' .
- . ‘ I
" SYSTEM -LAYOUT
PART
TYPES: PROCESS SEQUENCE (PROCESS TIME (SEC.) INDICATED
IN THE BRACKET) '
. ‘LOADING (I'S) - DRILL (80) - -UNLOAD (15)
LOADING (15) - MILL (ZOO) - UNLOAD (15) . T
LOADING (15) - DRILL (60) - MILL (180) -. UNLOAD (15)
‘ -All part types-have exponential arrival time
TopEeT 1 PART TYPES THAT GO ON' THE -PALLET
1 "PART TYPES 1 § 3
2 PART 'TYPES 2 § 3'
CART
TYPE . VA carts with 3 pallet p051t10ns each Cart speed
) =2 ft/sec, -
DEGIS- | 1. Introduce part with hlghest prlorlty 1n order of
{ TON part 2, 1, 3.
RULES 2. Select parts from 1n£om1ng shuttle accordlng to
FIFO. rule.

. Select next. 6perat10n in .the. order/of g1Ven process

sequence.

L { B
o

. Select idle cart. - :
. Cycle back 1f cart cannot unload i

P

S

Fig.~Bul

p
Descrlptlon of Exemplary Case
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Input Format for Data File
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The file name used for this example is FMSDT. DAT.
A printout of the data as they appear in the data file

is given in Table B.Z.

(B) *The basic simulation is performed by executing the
FMSSIM package. Turn the graphics terminal off and
run the program.' The progr@m'will interact with the

user as shown below:

DO YOU WANT A FRINTOUT OF THE FORMAT OF THE ‘DATA FILE (Y IF YES) 7
D0 YOU WANT A FRINTOUT OF THE DATA (Y IF YES) % J

N0 YOU WANT TO FROCEED WITH THE SIMULATION (Y IF YES) PY

NAME OF THE DATA FILE (10, CHARACTERS)---—-=-=FMSDT.DAT

BURATIdN OF TIME TO BE SIMULATED-----=w-==eu"1000.,

NUMEER OF INTERVALS WHEN REFORTS ARE NEEDED--1

TINE WHEN YOU WANT THE OISFLAY T0 START===~-=0,

TIME WHEN YOU WANT THE DISFLAY TO END==mmmwmm 04

e = e am [ B o I I T T TN D I M N e mt trr it et et e e sems e o cie b e s o e
-2 R 2 N i - - T  EE E E E E E E R L
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2

(B) Subroutine for user-defined decision rule

A speciél subroutine called CHRUL has been incorp--
orated into the FMSSIM package. It.allows the user to
specify‘self-defined decision rules.

The user may refer to Appendix C for the glossary
of variable names. Many of the system status flags (such
as station status, cart status, part status, etc:) can be
obtained from the status arrays (éuch as SSTAN, SCART, SPART,
etc.). The Values for these arrays are éransferred via the
common blocks. ' .

The following are illustrations of how each rule may

be modlfled[(Refer to pg. 148 for program llstlng) ]

Rule.1: Selection of part type to be 1ntrodu§ed into the system
/ It can be altered by writing a program to arrange the
ﬁn;ority of each part typé (IPART(N,2)). Since there
‘is a maximum of 10 paft’tyHFs, the rénge of ‘the
priority index shoulddsbe froﬁ 1 to'10 {with 1 being

the highest prio}it&). This i§'illustrated in the
example on page 148 by assigning.pfiority to thé
~different part. types according to the qumbgr.éf.opé;a-
tions. Thgufewest'operations will havé the higher,

prierity.

N Y
-

Rule 2: Selection of next-part to be machined

It can be altered by Writing a subroutine to select

the part from the 1ncom1ng queue ofvthe station and.
>

return the part number in IPT. This is 111ustrated

in the example by u51ng a random selection rule



gr—

Rule 3:

<\ v 145 C;‘“

¥

Rule 4:

Rule 5:

shutt1e3ha§ the highest priority.

Selection of next operation for é part

If the operations do mot have to follow the pre-
determined sequence as given by the input data for
each part type, a user-defined rule can be used.
Theupart number -is transferred, to the subroutine
by IPT in the argument list. The remaining opera-
tion can be checked from the completed list of

operations and the required operations list for a

.specific part type. The next operation selected

must .be returned via IOP in the argument list.

Selection of next station for a part

It can be altered by writing a program to select
the next alternate station knowing the part number
IPT and operation number TOP. The alternate stations

are listed in array IOPER. The station selected is

-returned via IST. This is illustrated in the

example where the station with the shortest out-

1

. Selection of e€art to pick up a part

" It can be altered by writing a subroutine to select -

the cart. 'The cart number selected is then returned
in ICT. This is illustrated in éhe'example where

the cart with the most empty slots available has the

. B \'\

highest priority.

If any-of the rulés were altered, the CHRUL subroutine

should be edited to include the new rule and a value
zefo should be given to the corresponding IRULE in

the input data set, e.g., if Rule § is changed-

1
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IRULE (5) should be set fo zero in the data/file.
The subroutine CHRUL.FMS is then recompilé& and
the entire packagé relinked‘using the command
file FMS.COM. A listing of the command file‘is

given in Appendix F.

The subroutine CHRUL.FMS in its original form as
well as after the implementation of tge above user-defined

rules are,shown on pg 147 and pg 148 respectively.
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SUBROUTINE CHRULCISTsIFTH»NFTYyICTy IOF»IRUL)
KK KK KK KKK KK KKK KK KKK K KKK KK KK KK K KK KKK XK

This 15 a3 user writien subiroutine
It srecafies €he new decicion rules userd by the user

COMMON/UATAL/NPATEsNFART YMSTANINFPLTY P NFLET» NCATE y
INCART/NFOINsNFSYS

COMMON/DATAR/IFART(10,3), TOSTR(10510)»IBFER(10+10+5)
1,ISTANCLIS ) s IFRET(10:") s ITRAR(A01S)rRFART(10:2)
2yRSTANC1G,2)»ROFER(10,17-8),ICART(4,42) /RCART(4)
3sRTRAK(40+6) s IRULE(B) ‘ , .
COMMON/DATA3/FSTANC(1S,4) sy FCART (3~ 1)y SSTAN(15,12)
1sSCART(10s32) s SFLET(20s23)s3FLTY (10 5FATE(LO)

29 8FART(20,20) ySTRAK(40) sy FTRAK(4)
COMMON/SELEC/IAFAR(S)

GO0 TO (100,2009300+400:500)IRUL
User's'deflned RULE 1 . !
RETURN

User’s detimed RULE

td

RETURN

€t

User’s definmed RULE
RETURN, |
User’s defined RULE 4
RETURN |

User’s #2tined RULE

(&1

RETURM

END
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OO =000
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(o]

(o]
(o]
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SUEBROUTINE CHRULCIST,IFTyNFT»ICT,»IOFyIRUL) ) .

3K KKK KKK KKK 0K KOK 3K KKK KKK KKK R KRR KKK oKX K KKK X X

This is a user written subroutine
It srecifies the new decicion rules used by the user

COHMON/DATAl/NFATEyNFARTyNSTAN;NPLTYrNFLETrNCQTE;
INCART +NFOIN: NFSYS
CDMMDN/DATAQ/IFART(IOyS)yIDSTR(loyIO);IDPER(IOyIOyS)
L1rISTAN(LSs6) P IFLET(10s5) » ITRAK(A0, S rRFART(10y2
.!RSTAN(ISfQ)7ROPER(10710:8)yICART(4y4°):RCART(4)
IrRTRAK(40, %)y IRULE(8) '
COMMON/DATA3/FSTANC1Sy4)yFCART(A4,4)ySSTAN(15,12)
lyoCART(lorSQ)ySPLET(”OrQS):SFLTY(IO)rSFATE(lO)
2,8PART(20,20) 1 STRAK(40)y FTRAK(4)
COMMON/SELLEC/IAFAR(S)

GO TO (100,200,200,400:500)IRUL

User decision rule to select rart ture to be 1ntroduyced

?

RETURN
Select rarts ramndomly

CaLL RANDUCIRANDLI,IRANDZ2,XX)
IPS=IFIX(XXXNFT)>+1
IFT=TAFAR(IFS)

RETURN

Select oreration with shortest rrocessimng time

ITYPE=SFART(IFT, 1)
NOFLFT=SFART(IPTs?)
NOF=IFART(ILYFE,4)
NOPCOM=NOF~-NOFLFT
TIME=1000000,

[0 350 N=NOFECOM:NOP
IF{ROFER(ITYPE,)N»1).6T.TIME) GO TO 350
IOF=I0FPER(ITYPEsNs1) °
TIME=ROFERCITYFEsNy1)-

CONTINUE '

RETURN

-~ “+

Select the station with shortest ocut shuttle

ITYFE=IFIX(SPART(IRT»1))
NOF=IFPART(ITYRE+4)
00 420 N=1,NOF

IF(IOFER(ITYPE»N;l).EG 10F) GO TO 440
CONTINUE

KMIN=10
[0 460 L=2,3
FOUNT=0
I18= IOPER(ITYPE:N:L)
0o 450 I1=7,9
IF(SSTAN(IS,I) .LE. O.) GO TO 4q0
ROUNT=KOQUNT+1
CONTINUE
IF (KOUNT.GT, KMIN) GO T0 460
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KMIN=NKOUNT
tST- 18
CONTINUE
RETURN

Select the cart with feuest rart aon cart
KMIN=10
DO 980 N=1,NCART:
KOUNT=0
00 S5860 L=4s4
IF(SCART(NsL).LE+O.) GO TO 560
NOUNT=RKOUNT+1 . .
CONTINUE
[F(ROUNT.GT.KMIN)Y GO TO 580
NMIN=KOUNT s
< ICT=N -
CONTINUE

RETURN

CEND

i<

P

P

¥,
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A printout of the data can be obtained if requested

150

t

(Table B.3). The user can proceed with the simulation by
typing in the name of the data file which contains the system
data, the duration of time to be simulated, the number of
intgrvalé when intermediate system reports are required and
the time span during which the graphical animation is to be
performed.

An example'of the system report is giv in Table B.4.

(C) VWhen thé simulation is completed/ one can proceed to

examine the graphical output. The systém status required for
graphical animation are recorded in 4 separate display status
’files for 4 different types of 'entities in the system, viz.
carts, station, pallets and parts: .

These display status files are direct access files
assigned the samé file name as the input data file but having
different file extension codes DT1, DT2, DT3 and DT4, respectively.
Ther@fore, the grabhicai outputs for different systems can be .
maintained in differént”files and examined later. Every time
the input data file is modified and a new simulation run per-
formed, the display status\files will be overwritten by thé

results of the new simulation run. Hence 'in executing the

graphical animation program we are always examining the latest
4

" run of the simulation for a.particular input data filé. .

- i

To execute the graphical animation program, turn the

graphics terminal off and run the program EMULAT. The progranm

1

will prompt for the data file name:



TYFE IN THE FILE NAME: FMSDT.DAT

USE LIGHT PEN TO SELECT.THE MODE OF DISFLAY

T T o I I M TE e mm r e A e o e s s o mm e e s i e T me s e S em e e = e m o e s e = e s me o
B A P A A T T T 1 T - T - -

The program sketches the layout of the machine shop
as described in the data file. It also'sets-uﬁ the odometers
for system clock énd production figures as well as a set of
menu as shown in Fig. B.2. t -

The user can %nteract Yith the program usipg\thé l%ghf
pen to select one of tﬁe\three menus pfovided: CONT (for
'continu6us display), STEP (for single step display)‘aﬁd EXIT
ﬁfor aBorting the program). The graphiéai animation can be

’
repeated without running the simulation again.

’

B.4 Error Diagnostics |

Errors can arise due to bad'input data or unrealistic

system specifications (such as a track point without any
successor point, a conveyor with no conveyor speed, etc.).

Debugging faciiities are incorporated into the program to

-

assist the user to locate the error. A brief description of

-

the error codes used is given in Appendix E.
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*X¥kxk%x DATA FOR PART TYPE X¥k¥x

OF PART TYFES

NUHEER

»
n
"
, M
[
(S
n
ThHooo

NTERARRIVAL T]IME

“REQUIRED

FPRIORITY

FARAM 1

PRODUCTION
S E T3S T 5 ]

30

20
10

~
] "
] i
u u
n n
u L]
n n
[ n
it (]
] 1]
H "
] 1]
Ll kod It
il . i
" »* fl
] ol n
n * n
" "
u (223 n
nooZ "
" Q «H
f ~ 4
u - )
i < ]
o il
] W 0
" a. n
[ (=] 2 n
t a
" [ 4 it
" Q i1
] ('S bl
0 n
e < n
H -~ n
" < n
1] =] 1]
" n
it »» "
] kod n
H kol i
W ol L]

M * n
fl n
] ]
n ]
[ n
1] %
B )
] 13
" h

AT

FARAM 1
2

0.0

o

0

0

1
e d

™
Lo B N o A o ]
"

FIx=
TYFE  NOR

FART

00

0

0

0.
0.00

0,00
0.00
+ 00

0.00
.00

OO0 OO O,

- CL O e

3 (Cont'd)
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EXEXK

xXxxx DATA FOR CART TYPE

NUMBER OF'CART TYPES

1

SFEED

FOINTS

10,
30,

FEASIEBLE. TRACK

NO.OF  "NO.OF .

CARTS

‘CART

19. 20,
39. 40,

18.
38,

17.

16,
36.

12, 13. t4. 15,
32, 33. 34, 35,

11,

8. 9. )
28, 29,

o]

6'
26,

"s,
25.

2. .3, 4.
22, 23, 24,

1.
- 21,

PALLET

"TYFE

37

31.

27.

(MAX-3)

/‘\.

*xxx¥ DATA FOR.TRACK PQINTS XXXXX...

1

NUMBER OF TRACK POINTS

10

SUCCESSIVE DECISION POINTS

STATION

NUMBER
(0 IF NORE)

(1)

2> (3) (4)

(1)

0

0

0
0.00

0

0

0
0.00
0,00
0,00
0,00
, 0,00
0.00,
0.00

0

0

]
Q.00
0.00
0.00
0.00
0.00
0.00
0.00

0

o

0
0.00
0,00
0,00
0.00
0000
R 0000
0.00

70.00°
70.00
70.00
00 50.00
40,00
20.00

40.00

70,00

80.00 70.00
110.00-

110%

110,00

110,00

Table B.3 (Cont'd)
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- %xxxxx DATA FOR DOWNTIME STATIS{ICS XkX¥x

(STATION)

TIME BETWEEN

[
TYPE OF BREAKDOWN DISTR

EREAKDOWN

.

"2 b

KXX¥%.DATA FOR DOUNTIME STATISTICS XXXxx

(CART)

.

TYPE OF BREAKDDWUN DISTR

REPAIR TIME

TIME BETUEEN
. BREAKDOUWN

Table B.3 (Cont'd)
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FALLET INFORMATION
MAX
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IN USE

YFPE

USED
4

STATUS OF PALLETS--

FALLET
"TYPE
= =

RALLET
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FART

NUMEBER "~
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PERCENT OF TIME RUSY
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CART PERFORMANCE

CART ACTIVITIES.
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ASSIGNMENTS
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CURRENT IME: 8.e9

PART TYPE A B <

PART Comp - 0 <]
DISPLAY

= MODE
?

‘ vt Gz
PRI > vy = ORI oz )

PACHINE SHOP LAYOUT

. ‘
-

'Fig. B.2 Graphical Display at Startup.
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APPENDIX C

GLOSSARY OF COMMON VARIABLES

.
A

GASP Variables Definition ’ Common Block

ATRIB(I) A Attribute values of events GCoM1

ATRIB(1) - Event Time

ATRIB(2) - Event Type e
ATRIB(3) - Part number for
" which event is / .
scheddled | /// -

JEWNT Code of time event to be

processed GCoM1
"MFA , Relative address of first |

. cell of NSET available kGCOMl
- MEE(I) . ™Relative addfgss'of'first K
*“entry in File I " GCoML.
MLE(I) ‘ Relative address of last )
" entry in File I . " GeoMl

NNAPO Number of attributes plus |

one ' GCOML
N&AbT ~ Number of attributes X

. ' plus two ‘ éCOMl

NNATR Number of attributes per

entry in QSET { éCOMl‘
NNFIL ~ «  Number of files ~ GCOML
NNQ(I) . Current number of entries. "

in file I GCOM1.

.“$ -



'

NNTRY
TNOW
TTBEG

TTFIN
EENQ(I)

VWNQ(T).

>

TINN(I)

MMAXQ(I)

QQTIM(I)
SSOBV (I, J)

SSTFV (1,J)
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‘

Maximum allowable number of entries GCOM1

Current time o{ simulation GCOMl

¢

Initial value of TNOW or time
when simulation begins GCOM1 -

Timé to end simulation /gCOMI

" Time integrated- number of entries -

in File 1 - GCOM2

+Time integrated square of number

of entries in File I . GCOM2

Priority ranking indicator for

event file lowest' event time / - GCOM2

always has higheét priority ,/
TINN(I) =1 : / .
Maximum number of entries in '

file,I . A GCOM2
// ’

Time of last use of file I GCOM?2

/
Array for storing statistics

generated by COLCT (for part
production’étatistics)(/ GCOM2

Array for storing staVistigs
generated by TIMST (fbr pallet
and shuttle) \~/ GCOM2



\

N

FMS Variables s to Definition . " Common Block
N?ATE " Number of part types .' ' DATA1l .

" NPART - : fotal_number of parts L " DATA1L
N?TANrik Number of station oo - DATA1 .
NPLfY . 'Ngmberaof pallet, types ‘ " DATA1
NéLéT :  Total number of paliets - DATAL

" NCATE © Number .of cart types - ",' DATAL
 NCART : B 'Total number of carts o .‘ ' DATAL
'NPOIN '_ “Number of traCk points ~° DATAL
IPAR@(I,J}/ o Descrlptlon of parts o ) " DATAZ
B ‘ IPART(I l) - Maximum number | . SN

“ IPART(I 2) - Priority
‘ . IPART(I 3) - Number of parts
jﬁ ‘ . Scheduled

IPART(I 4) - Number of operatlons

requ1red C.
}.' IPART(I 5) - Type of dlstrlbu- ’
'“/f . t1on for arrlval
, ‘ | pattérn : |
'ID§TREI,31’ "j DlStleUtlon of process tlme :
. o for operatlon J of part type I T . DATAZ -
waPER(I,J,KjZJ‘ ’Descrlptlo; of" operatlbn 3‘, : bATAZ".

s ¢

RN ‘IOPER(I J 1) - OperatloQ number',.
" IOPER(1,J,2) to IORER(I,J 5) ~

&

can be pe:fqrmed “-t {, .

4 T . ¢ c! R ¢ —r *

- Stat1ons whete fwe ogerat1on



ISTAN(I,J)

IPLET(I,J)"

CITRAK(TLJ) . -

. RPART(I,J)

167"

Description of stations, DATA2

ISTAN(I;l) - Number of positions
‘ in incoming shuttle
ISTAN(I,2) - Number of positions

in outgoing shuttle *

4

ISTAN(I,3) - Number of positions .

in common shuttle -

I§TAN(I,4) Track point for -in-

coming shuttle

ISTAN(I,5) - Track point for out-

. going shuttle®

ISTAN(I,6) - Track point for cqmmon’
‘ :shuttle\ |
Description of pallet t&pes / DATA;\.
IPLET(I,1) -iQUmber'of.pallets‘ |
’ ‘available
IPLET(I 2) to IPLET(I,S) - part

types that can be held '
by the pallet

-

‘.Descrlptlon of track point " DATAZ

ITRAK(I 1) - Statlon number where

track p01nt 1s ]Olned

'“ITRAK(I 2) to ITRAK(I 5) - Successor

p01nts

‘Descr1pt10n of part type . L ”\: . ;1'DATA2

RPART(I 1) -~ Mean arr1ya1 t1me r

| RPART(I,Z) - Standard deyaatlon of N e

arrrval time U s o

*

r . N n . \‘r v
: ’ - ' - ‘.',-—"- o
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_RSTAN(I,J)

ROPER(I,J,K)

ICART(I,J) ~

RCART (I)
RTRAK(I,J),

IRULE(I)

FSTAN(I,J)

FCART(I,J)
U FTRAK(D)
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Description of station, . . " DATA2
RESTAN(I,I).? Transfép time from

track to shuttle

BSTAN(I,Z) - Transfer time from

shuttle to station

Process time for operation J of part:

type I at station K ™ ' DATA2
Desqf}ption of cart type. R DATA2

ICART(I,1) - Number of carts
ICART(I,2) - Number of pallets

-

position on cart T e
ICART(I,3) .to ICART(I,42) - Feasible - -

track points. where cart

o~ ,
_can travel *
Cart speed for cart type: I ,  DATAZ

‘Description of track p01nt s ' DATA2,

RHUK(I,;) - X coordlnate of track

~point I°

RTRAK(I,2).-- y- qoordlnates of track \ ‘

polnt I
RTRAK(L, 3) to RTRAK(I, 6) : cOﬁveyof
speed to succ9551ve'

track polnts.

T N
wDec151on rules : "' 'DATA2
" Reliability statistics for ‘station. = DATA3
‘Réliabiiity étgtisties,fbr‘cart | DATA3

Reliability statistics for track’

~ points . . ¢ L CEER I DATAS3. .

§ - "ok
' B



SSTAN(I,J) -

SCART(I,J)

Y
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étatus vectors for station _ _ DATKE“
SSTAN(I,1) - Last start time )
SSTAN(I,2) - Status-of statior' .
‘(free, down- or K
‘ “occupied) |
‘ SSTANfI,S) - Time wﬂen it .will be
available if’dcwn: "1;‘
SSTAN(I,4) to SSTAN(I,6) - Part no.
| in incoming shuttle . )
SSTAN(I,7) to SSTANEI,9) - Part fio.
in cutgping ghﬁttle".
séTAN(I,lo) to 8STAN(I,12) - Part’
no. int common shuttle
Status. VECtOTS of carts . ‘ DATAS."
,SCABT(I,I) - lLast track point passéd
SCART(I,Z)‘-‘Time of‘passing'last. | .
- track point - .
SCKﬁT(I 3) - Current speed of cart -
SCART(I 4y to SCART(I 6) - Par no.
on cart
SCART(I,7) - Status of cart (free,_
| ' " down, waltlng)_
;SCART(r;S) -,Cart'typéu |
scAchl,g) _ Time when it wilr3be
| 7" availableif down . b

'SCART(I',10) - Activity of cart (load—.

ing, unloading, yaltlng)'
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SCART(I,11) - Destination of cart -

. SCART(I,12) to SCART(I,52) - S%chss-

) R ive track point, )
SPLTY(I)‘ ) Number of pa}le;s in use for pallet )
. _ N typ% I | ‘ : . 'DATA3
SPATE(I) hE :gtock 1eve1.of part type I

-~

SPART(I,J) "~ “$fatus vector for part

| B SPART(I;lj - Part type

L, SPART(I,2) - Priority
| SPART(I,3)~- Pailet.Numbe% | RS 3.

t

SPART(I,4) - Cart Number

1

SPART(I,5) - Current station

2 » L SPART(I,6) - Cd;}eﬁt~opera§ion ‘ -
’ SPAR?%I{7) - Next station - i ~§“'ij;y
SPART(I,8) - Néx; operation i f/‘uy*"
': éPART(I,Ql - Nuinber gf’operations
:; o i | Teft i
, SPART(I,10) Type of shuttle which
. ‘part has entered
'.QZARTII,ll) to SPART(I,19) - ‘Opera-
tion;_;pﬁpleted,
‘JSPART(IjZOI -;Timé;wheh.pa£; enters
‘ " the sy$tem ° L
ISTRAK(Ij ‘ Status:df track'point (up or down) “ ' DATAS " .
. L ' : . . x
. \:‘ \



FMS Varisbles. -

~ PCOMR(I)

TATSS(I,J)

cs:AT(I,J)

4

. /
E
o

MROUT(I,J)

9

'DROUT(I)
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Definition ., -_ . . ‘Common Block

Number of parts completed:fof
part type I~ . ' s BLOCK

Performance statistics for station

I . . - .-+ . . BLOCK
" TATSS(I,2) - Time when last étatusr
changé | f
TATSS(I,2] - Duration when station
. | is busy
TATSg(I,S) - Duration when station
is idle
TATSS(1,4) - Dhration‘when station
.is:&owﬁ ;
 Performanc§ stgtistiCs for cart I BLOCK
u.-CSTAT(I,l) - Time when 1last éta S ‘
| change f
-CgTAT(I,Z) - Duration when caft is
N 'mov;ng‘,_.
CSTAT(I,3) - Durétién;wheﬁ'qért is
IR R waiﬁiﬁg ;
~CSTAT(I,4) - Duration when cart is .
down A
Track points on gener%téd‘route 1 IROQTE
Dis#ance for route I , . : RéUTE'

IROUT(I)

" Flag to indicate if route %f;/j\f\’”\'
. N .

blocked = . ROUTE
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¢ SPL
_* SPWID
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TROﬁTﬁI) Time deiay for rdute to'resqmg gervice
NﬁOAD : .Number of 1oad1ng 'station |
-ISLOD(T1) '-Loadlng station ndﬁber
IRANDI, IRANDZ,Se@ds of random number .
,KSTAN !}yﬁe-of reliability éistribution for
' ‘station ‘ 4 ‘

* KCATE - ‘Type of reliability @istribﬁtion for‘

| cért | .
(KTRAK . Type of rel%ability;distribution for
track S

TSTA Time when graphical.displéx starts

e

Graphlcs

Varlables

NRCC

NRCP
NRCS

. NSTEP
_IBUF

CRTL

XOCRT(I) -

YOCRT (1)

© QFSET

SPLEN

N

Time when graphical displéy ends”

Def1 1t10n

P01nter for reqord f11e of cart T

-

P01nter*for record flle of pallet

-Pointer for’ record flle of statlon

Numbér~df updating'for'graphics record
.8 ’

Buffer array 1n dlsplay flle

Cart d1mensmbn

choordlnatelfor cart I-

y'cdordinaté for cart‘I ‘

_Spac1ng for 1etter1ng

Length of machine shop/”

width of‘ma;hlne sh0p

I

-

N,
&

‘Common Blog¢

RECOD |

RECOD|. .

'RECOD.

RECOD |
DFILE |

‘DRAW
" DRAW
| DRAW'
DRAW °

SKETCH,

. SKETCH
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[

“

|

g

|
RSﬂLT(I;J)

.

173

/‘//' »

o

Description—oFf station

~

RSTAT(I,2)

. RSTAT(I,3)

- .
.
.
o
(=3
.
N
.
’g‘ .
° i
§
;
1
”
,
¥ °
,
.

RSTAT(I,4) .
\

[

//;//RSTKT(L,IJ'- x-coordinate of
/- .

s;ation iocation’
y—céordiﬁate éf

station location
Length of station

-Width of statién

SKETCH



DESCRIPTION OF SUBROUTINES °

GASP SUBROUTINES

2. DATIN -

3. EVNTS
4. SET

5.. - CLEAR

6. . COLGT(XX,ICLCT)

_ Executive routine for advancing time /

174

APPENDIX D

AND ‘FUNCTIONS

.

e . - e

"and status

Initialises GASP variables and calls user
written functions INTLC and STATE

Subroutine for decoding events

Initialise file pointers and file statistics

arrdys d ;\
Initialises-statistical arrays fSSOﬁV and
SSTPV)_an@ allows thé'qséf'to collect
Statistics startifig at aﬂy timé_dﬁrigg tﬁe
simulation . ‘ .

rs

o

If'iCLCT>0, records value XX as an observa- -

tion on variable number ICLCT;‘IEECLCT=O;

" computes -and reports statistics on all . .

7. TIMST
(XX, T,ISTAT)

. call to TIMST for variable ISTAT; XX is the |

NNCLT variablés, if ICLCT<O,1cqmputes and

reports statistics on variable - ICLCT

If ISTAT>0, integrates variable number
ISTAT ‘assuming the value .during’ the interval

up to time.T is the value of XX at the last

value variable ISTAT %ill-haVé 4nring the

N4



8.

9.

10.
11..

12.

RMOVE -
(NTRY,IFILE)

‘INTM&

FILEM(IFILE)
COPY (NTRY)

.NFIND

.(NTRY ,XVAL,
MCODE ,
JATT, TOL)

.next’ interval;

IFILE,-

'the entry_de51red, the 1t

r/.

if ISTAT<0, computes and

regertS‘étatistics on variable - ISTAT

N

Removes entry NTRY from flle IFILE

It 1n1t1allses state variables and non-

" GASP variable&, called in subroutine DATIN

after all GASP variables have been initialised

File an entry.into IFILE ™

l‘\

Piits attribute of entry NTRY into buffer

[

fstorage array ATRIB without removing the

entry

}oéate~an entry in file IFILE whose JATT

attribute is related to the value XVAL accord-
1ng to the specaflcatlon glven by MCODE

as ‘shown below

MCODE = 1: max1mum 'value but greater ‘than

3
i

CXVAL D L N
‘MCODEfZ:I minimum value but greater thau XVAL
MCODE=§: maxlmum value but less than XVAL

.-MC6DE=4: minimum value but less than XVAL
MCODE=5: Value equal tot XVAL .2 TOL

'NTRY is set equal to the flrst cell: number of

attribute of the |,
—enﬁry-%g Tocated in QSET(IC) where IC=NFIND -

+ I; if no entry is found;‘NFIND isteet*to

2ero
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EMS SUBROUTINES | N

START . - . Introduces"starting events (arrival event
for each part.,type, first breakdown event
for each/system components; station, cart
aﬂd track point)

REPOT - ¢ It produges the system output

BREAK - .1t decodes the type of‘components for which
e‘ . . . B . /
2 breakdown event is scheduled and simulated

the breakdown event " o ‘
RE?AR ’ A It;deéadés the type of ébmpongnts for which
. o Arepaif event is scheduled and simulates the
repaif event - o ) o
MANUAL . o It produces a manual for;inpht-data format
READIN- ' " . ‘it is a subroutine which provides an iﬁitié}

.

dialogue with the user to determine the
A/ -

+duration of $imulation and dgté‘file names

E : ©_ period when graphical outputs are’required

UNLCA . It simulates the unload cart ‘event '
OUSHU, - ) It simulates the event when'thé_@a}t enters,

" ~ 1 )
B LS

- ''the out shuttle :
" iobcA . . It simulateé‘the load G&%f/g;;;Z//A\“:

INSHU It $imu}ates the'eVept‘whég the part enters -

' the shuttle e

INSTH. \ Tt sihulgiﬁgitﬁejévgnt'when the ﬁsft enters
‘ | the station ! ‘ '
TOCAR ) It simulates the event wheq fheﬁbart enters

the cart and is ready to m;;> on to its next

s s

destination

c e



-

. ARIVE It simulates the arrival of raw parts

DISPL? o It collects the status of the system requireé
o f6r'graphipa1 display
DSPLT f” It collects the status of pallefs for display
DSSTN o It collects the status of station for display
“-. DSCRT o It collects the status of thé cart for
" display J .
REPRT ' It analyses and repofts on the‘prodggtion
; ‘statistics of all.part ~types :
TRPPLT A It analyses and reports on the utilisati&p
‘ : of all p;llét types , .
T 'RPSTN L If‘apa1y§¢s and reports on the gtil}sation of
a P ali stations o i .
) %PCRT y L . It analyses and reports on the utilisation of
/t‘ | h ’allléarts': ,
- ﬁkgsHT | : It anglysés and(repor;s oﬁ the.uf{iisagiop of
) ', shuttles ' 0 .‘ .
- MLPRT . It prints 't}:ltf.} manual for inpt}ttiing "the
, I ‘ pa;t‘gfpe'déta R
MLSTN . _.'It prints the maﬁ@al fér:iﬁputing the station
4 damg? | ‘ v . ‘ ) -
MLCkT - ) - It prin%s the manual for inputing thé cart
s :4 . ~ type data ’ | /////
MLRUL ' , It prints the maﬁual'for inputing the decision
\ ’ ;ules - ' ‘
MLSfS‘ | '/it'prints thé manual for r?lidbilit& data -
. - STATS g i7" - ft:repqrts'on the statué of the system

¢



NXTPA
OPCOM
CONVY

RDDATA
- PDONE
NXTOP
GCART
 FSTAT
STUSA
STUSﬁ
INfRo

PSLCT

. MOVCA
ORPSTA

ROUTE

. POSCA
TCROS"

RBLCK.

g

‘statiqns \
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It s%}ects the next part ‘to be_processed
It 5imulates the operation compléte event
It éimulates the moving of parts from one
xracQ'point to another .on a conveyor
Read%ﬁn the jinput data

It simulaées the completion of a pant‘

It selects the next operation for a part

It selects\the cart to transfer a bari

-

It selects'the nex:\iiation to .go.'to 4

k

It reports dn the stagtus of parts and N
: l ‘ X

It reports dp the Status of carts and pallets
It introduces a paft into the system when-
“ - . "

ever there is a pallet available

It selects the part according to the specified

. rule’ %g;g ' , "

"It .simulates the movement of carts-- - [

5 ‘ }
It simulates the starting of an operation .
on a statidh -

It genérates afl possible routes between two

track pogints

;Iﬁ finds the current position of carts

ft finds the time when a cart passeé through
a track pbint o '

It checks the blocked %oﬁté,and the time
when a blocked‘rdute.@ill be freed

User-defined decision rule it describes
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.GRAPHICS SUBROUTINES

. LPHIT ' It checks the light pen interaction

179

»

EMULAT Executive program for graphical éutputo
SKETCH. -+ - ' It displays thé.systeﬁ layout on the graphic.
' terminal '
.M8TION Ny It simulatés the_movement of parts through
_ the system ,
SKSHP | It displays the shop and sets.up the—odometer (

————— e ——

"~ for system time and the production figure.

It also displays the various text strings

SKTRK ' ‘ It displays the MHS and locates all the
sfations '
SKCRT . . It displays the carts in their initial |
v - position‘
.~ SHSTN - It diéplays the purréntﬂ;tatus‘Of the .
| | station : ' .
SHCRT ‘ It displays the current status of the cart
éHPyT . ' ft dfgzlays the current statugwof pallets

on .conveyor
, : . . ‘. .~.ﬂ
SQUARE ' ‘ " It displays a square with given dimensions
_ét a,given locatibn.to represent the cart
o : and the station - . o
LﬁBXY . T It f@n g‘out the locaticns for labelling
- S the id- and out-shuttle of each station 4

-
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" APPENDIX E- BN

ERROR DLAGNOSTICS

\\\\
- LT : = '

EgggR 1 ERROR MESSAGES POSSIBLEiE;GgES OCCURRENCE
102 . | Part cannot be found in .| Error in station input data |  OUSHU
£ out- shuttle o out-shuttle capacity larger | '

. . \ _than 3 ‘ .
3 ¥
103 Part cannot be found in | Error in station input data INSHU
in-shuttle in-shuttle capacity larger )
than 3
104 Part cannot be found on | Error.in cart inpu't data INSHU
cart which is unloading. | maximum number of paillets .
° the part larger than 3
17105 | Part cannot be found in Error in station input data INSTN
in-shuttle . ' in-shuttle capacity larger
than 3
106 | Part cannot be found in | Error-in station input data " TOCAR
o out-shuttle 71 | out-shuttle capacity.larger
" than 3 .
109 | No pallet position Error in cart input data TOCAR
available on cart \ maximun ntmber of'pallets .
‘ ‘less than or equal to zero N
110 Completed operation Error in operation input OPCOM.
more than scheduled , "t data
111 No station found fof Error in *opefation input OPCOM
* | an operation t data. : : '
112 Cart not found Error in cart i’nput data GCART
115 No feasible route Error in track input data MOVCA
"116 . | Open ended track Error in-track input data ROUTE
119 ° Operation not found Error in operation input PSLCT
e : data e )
120 Station not found Error in dperation input PSLCT
, o data : S
201 Negative entry in file Refer to GASP User's Man- GASP /
. | ual [16] . ",
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Negative pointer

X | , .

202" | Namber of entry. is Error 202 - 208 - SET

. negative Refer to GASP User's Manual :

| 203. . Negatlve pomter‘I ) FILEM
204 | MNumber of file less than 1 FILEM

205 Negatlv_e entry ‘COP.Y
206 Negative poipter ' . NFIND,
207 Negative enti'y ’ RMOVE
208 | RMOVE

~
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APPENDIX F: OVERLAY STRUCTURES FOR EMSSIM & EMULAT

i
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Al
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-

Sunver of Lhe wimutation o

RU LINK

|

! .Rost Lodmant

! . .

- FMSEIM FMEEIM=FRESIMsOASFEREOF /.

! st ' .
4 pverias regior 1 )
1 . .

DATIN/OL

START/0? L
EUNTE/0¢

{

! fiverlaw region 2 i

i )
SET/D3D B ' .
REFDT/0:2 : ' o
CLEAR/OSZ
EREAK/O:D
REFAR/OL2
MANUAL/0D
READIN/OQ32:
UMLCH/022
DUSHU/ 032 Coo
Loncaszuia
INSHU/O 2
INSTN/OS2
TOCAR/0:2 /
ARIVE/0SR ' .
LIsFLY/O2 , ) '
! o
! Jverley region 3
! ' //ﬁ/
RHFRT/033 ////

REFLTZ0:3
_RFSTN/DLZ
RECET L3
T /7003
: EERT/023
MLETN/OLS
<. MLECRT/0!2
7 MLRUL /013
. O OMLSTS/0%
DTFRTZ083
SbTdrnsuty
HEOFR/03
UTFLTZ0:%
- OTCRTZ7033
FTYRK/0S
DT8YS/083
HTRUL/0GS \
STATS/038 BN
CNXTEAN/03 ) :
USFLI/D:S ‘ ' g
DSGIN/DLS

-

-

sohkage

LA
M
-
-
0
-
O
r
-
- N
*

NELRT/Z08 & , o r
OFLCOM/0LS
CONVY/0:3

POOR COPY
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STATION
STATISTICS
M
RESET
MACHINE
FLAGS P

MOVE CURRENT ]
OPERATION TO CALL NXTOP
COMPLETED LIST >{TO FIND NEXT
DECRFASE NO. OF | OPERATION
OPERATTIONS BY ONE : :

FIND NEXT
STATION
CALL FSTAT

NEW PART .
CALL TNTRO

( RETURN k — CALL GCART Rk

‘
K

Fig. K.l',Flowchart for Subroutine OPCOM.
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. ( ENTER )

N

_ DECODE PART NO.
STATION NO. CART NO.

SET MACHINE FLAGS

SET PART STATUS TO
BE IN OUTGOING QUEUE

N

CHECK THE POSITION OF
PART IN SHUTTLE

COLLECT QUEUE[

STATISTICS
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INTO OUT
SHUTTLE
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CALL NXTPA
FIND NEXT PART

TO BE LOADED
TO MACHINE

SCHEDULE
TOCAR

Y 2
ES o EVENT

IS
“POSITION
AVATLABLE -Qd
CART,

NO

Fig. K.2 Flowchart for Subroutine’OUSHU.

-



Fig. K.3
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DECODE
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CART NO.
STATION NO.

UPDATE
CART
STATUS
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COLLECT
_ CART
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CHECK
IF PART NO
IS IN OUT
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SCHEDULE
TOCAR EVENT

y
RETURN ,

Fl&wchart for Subroutine LODQA.
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. CHECK OUT~
SHUTTLE FOR
: PART

STATISTICS
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IN-SHUTTLE

PART STATUS =

g™

CALL CONVY
TO MOVE
PART TO

DESTINATION

CALL GCART TO

FIND CART TO PICK
UP PART

. |{UPDATE CART STATUS

STATUS COLIECT

CART S‘I\‘VATISTICS

CALL MOVCA
.TO SCHEDULE

CART TO MOVE
PART

»

5

Fig. K.4 Flowchart for Subroutine TOCAR.
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| DECODE

| PART NO.

' STATION NO.
CART NO.

o~

Comn )\

UPDATE CART
+ STATISTICS
AND STATUS

¥

" FIND POSITION
IN IN-SHUTTIE
TO 10AD PART

/—-"\

. SCHEDULE
INSHU EVENT

‘USE RULE 6
TO DECIDE WHAT
TO DO NEXT

L CONVEYOR
yL

E 6=1 NEXT SIN
RULE 6=2 CYCLE

CART
6=2 WAIT

Fig. K.5 Flawchart for Subroutine UNLCA.

Pl



Fig. K.6 Flowchart
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ENTER
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DECODE
PART NO.
CART NO.

STATION NO.

v

UPDATE
PART |
STATUS

v

FIND THE

POSITION

OF PART
IN SHUTTLE

UPDATE
SHUTTLE
STATISTICS

Y

REMOVE
PART FROM *
CART

\:

'UPDATE
CART
STATISTICS "\

" ~

CALL MOVCA
TO SCHEDULE
NEXT ASSIGNMENT
FOR CART

for Subroutine INSHU. '

SCHEDULE
INSTN EVENT




DECCDE
PART NO.
STATTON NO.

Y

UPDATE

PART STATUS

4

UPDATE
PALLET
STATTISTICS

4

CALL OPSTA

214.

m 5.

1S
IT A

DEDICATED
HUTTLE

NO

YES f
FIND PART FIND PART
| IN IN-SHUTTLE - IN_COMMON
SHUITLE
v

UPDATE
PART STATUS

Y

COLLECT
SHUTTLE
STATISTICS

N

MOVE PARTS
UP IN-SHUTTLE

TO START
OPERATION

Fig. K.7 Flowchart for Subroutine INSTN.
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-:w\

CHECK THE /
ACTIVITY OF CART ’ >
, /
v Y/ A
CART IS . HAS CART IS WAITING

IDLE ' B SCHEDULED TO LOAD OR
TO LCAD OR UNLOAD AT
UNLOAD STATION

GENERATE B4
ROUTE TO
ITS DESTINATION

Y

PART IS ON CART| | CART IS IN

DESTINATION OF STATION

CART IS PART | |DESTINATION OF

NEXT STATION CART.IS PART ,
v . [CURRENT STATION

FIND SHORTEST

'ROUTE FOR S

NEXT ASSIGNMENT ;; ;

T

CHECK .FOR BLOCKING

SCHEDULE CART
TO PERFORM
ITS NEXT
ASSIGNMENT
. \
CRIAY HOUCA | |SHORTEST ROUTE
y EVENT IS CART NEXT UNLOAD EVENT '
SCHEDULE ANOTHER , ‘ ¥ 4
) o ROUTE ‘ -
MOVC- EVNT ) * COLLECT | RETURN )
. CART
‘ STATISTICS - ¥

Fig. K.8 Flowchart for Subroutine MOVCA,
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~—PECODE*THE
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FIND TYPE OF
DISTRIBUTION
AND DOWNTIME

N

N

UPDATE STATION

POSITION CART
UPDATE

TRACK BREAKDOWN
FIND DISTRIBUTTON
AND DOWNTIME
UPDATE STATUS

STATUS FLAGS STATUS\OF CART
v .
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. DISTRIBUTION
STATION AND DOWNTTME
RESCHEDULE b
_EVENT EOR PART
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A OR UNLOAD
NO
YES
RESCHEDULE . | { RESCHEDULE
LOADING UNLOAD EVENT |’
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\ ~ REPAIR
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Fig. K.9 Flowchart for Subroutine BREAK.
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Fig. K.10 Flowchart for Subroutine REPAR.
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