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The assembly of a mator car is the most capitally intensivé
part of its manufacture because thefe_is hiéh capital investment
both in the stecks of expensive major components and in the fully
automated assembly factories needed to produce ears. Control of

major compcnent stocks can therefore play a significant part in

keeping overall manufacturing costs down.

The nature of volume car manufacture does not permit any
direct control of major componznt stocks, but a measure of
indirect contrcl cen be achieved by fixing ceiling levels up to

which stocks will be allowed to rise before supplies are stopped,

4t present these ceiling levels are not fixed in any
scientific way at the Austin-lorris Division of the British Leyland
Motor Corporation, This thesis describes the development of a
probabilistic computer simulaticn model of the inter-action between
the supply and ussge of major components in order to review major

component stocking policy to the Company's best advantage.

Part I of the thesis describes motor car manufacture :
and methods of production and inventory control of major
components presently emplyed by the Company. The contribution

I
I
I
I
I
of existing literature is zlso reviewed in this sectiocn of the I
thesis,



A éimul&tion model of the inter-action between the supply

and usage of major components is develcped in the second part
of the thesis. Part III deals with a feasibility study

undertaken to validate, and experiment with, the model.
The results obtained indicate that

1) The model used is sufficiently valid for

its intended purpose;

2) The use of a ceiling level of about 2,000
sets of major components can be recommended
for conditions specified in the feasibility

study;

3) DMzintaining a low ceiling level of about 700
sets of major componants would‘cost over
£170,000 more than the recommended level

under similar conditions.
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PREFACE

The project described in this thesis is rather unusuzl in the
sense that it is one of the first applied research projects tc be
supervised by the Inter-disciplinary Higher Tegrees Scheme of the
University of Aston. For this reason a preface to this thesis
has been written in an attempt to explaiﬁ what the escheme, and its

aims, are, . -

The IED scheme was started up towards the end of 1968 in
response to a growing demand for longer term and deeper joint
ventures by industry and universities, Prior to 1968 a number of
wniversities, polytechnics and technical colleges had maintzined a
link with industry mainly through the undergraduate sandwich course,
the short course and the dey release course. Bub the purpose of
these courses was, and still is, to teach students certain skills,
which could beexploited by industry only after the students had either
left or completed the course., Short projects are carried out in
industry by the students on scme of these courses, but the time set
aside is usually not long enocugh for any useful recalts to be

obtained from them. )

In the 1960's, however, the Science Research Council, several
universities and a few compznies all thought that there was room for
‘the longer term post-graduate research preject in industry. The
University of Aston was one of the first universities to start up a
scheme cn these lines, with backing from the Science Research Council
and industry, and the project described in this thesis was one of
the first to be sturted on the scheme, The IED scheme is now

running nmore then 40 projects and a number of other universities



have started up similar schemes,

The 2im of the IHD scheme is, in a nutshell, the solution
of industrial problems by applied research; to provide a means
for sclving those important and complex problems in irdustry,
which are always just beneath the surface. By doing this the
scheme aims to show that ivory tcwer and factory floor do have
areas of common interest, to which a joint gbproach, that will be

advantageous to all concerned, can be applied.

The project described by the report was started because the
management at Austin-Morris had for some time had the idea of
developing a method of reviewing mzjor component stocking poliecy.
But more important jobs were-taking up 2ll the time, resources and
energy available. Cn the other hand the problem was not a copy—-
book stock control problem and it was thought that some advantage
could be gained from setting up a research project within the

IED scheme to deal with it.

Any Jjoint approach to a problem must involve compromises on
both sides, and the research undertaken for this project is no
exception, On the one hand the theory and stabtistics used wie
not anaiysed in such great depth as they might be, because the real
life problem would not benefit from such deep analysis. On the
other hand the analysis used and the methods suggested would not
satisfy the manager who wants a guick ansyer to a problem anrd who
1s not teco concerned about the longer term. In reading this
thesis therefore, the basic rezsen for this project being undertaken

and the aims of the IHD scheme must be kept in mind.
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GICSOARY,

Term Definition
Part Auy finished item used in building a car

before it is put tegebther with other parts
in any form of sub-zssembly or assembly

process. E.g. A windscreen, a screw cte.

Component As 'Part!,

Sub-assembly (1) A unit mzde up from several parts and/or
sub-assemblies, Z.g. Pedal sub-assembly
made up from pedals, connecting bars, screws,

nuts znd washers.

(2)  The process of buildirg a sub-assembly.

Major Sub-
assembly The largest sub-assemblies to be built before

the finsl assembly of a car, Tor the

purposes of this thesis these have been defined
as:

(a) Body shell - Empty car body frame

(b) Power u:}it1 -~ Engine and Tranemission sub-
| assemblies joined together.

~

(¢) Pair of front suspension units.”

-~

(d) Pair of rear suspension units.<
1. (Sometimes referred to as just 'Engine!)
2. Suspension units are delivered in pairs., One pair controls the

driving wheels whilst the other pair does not, hence the differencs,




Term

Major Component

Sub-asgssembly Plant

Assembly

Main Assembly Plant
Trim

Car Range

Variant

Option

Volume Car
Manufacture

Definition

As 'Major Sub-assembly!.

components takes place,
Final assembly - the process of assembling
major components, sub-assemblies and

parts into a finished car.

Factory where assembly takes place,

Any part or sub-assembly which goes into
the empty body shell and turns it into
a finished car interior. E.g. Seats,

carpets, headlights,

Any group of cars having a particular
design and marketed under cne name. E.g.
Mini, Maxi,

Any combinaticn of bedy style and power

TN Asm maneea v
i e A S d-wav' R

wh

o 4NN
.b- LR A=
Z-door'automatic, 13C0 4~door msnusl
and 13C0 GT all come within the 1100/1200

car range.
As '"Wariant!

Production of large numbers of relatively

low cost cars.
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Schieduling

(bustin-liorris

Sales Requirement
Forecast (S3F)

Definition

usuaily through ownership, of all the

processes of manufactvre lezding to a
firighed product.
A scheduled iod of work or duty so

Another term for stock, but one which

-~ -~ = 1
nd work

.
4.
e el )
LSl ana

E
o
i
£
w
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)
o
e
i
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Material schedulirg — sending notice of

material requirements to suppliers.

Lhbreristion for British Leyland Matar
Corporation (Austin-lMorris & Manufacturing)
Ltd. - the largest part of B.L.¥.C. Also

referred to as the Company in this thesis.

Abbreviation for Fressed Steel risher,

the Company's body building divicion.

for production mix, issued monthly.



Production Programme

449/204 or 500/230

Vehicle Build
Programme (VBP)

Built Up (BU)

b

Definition
The Company's long-term preducticn plan.
Also referred to in this thesis as

Programme or Programme Level,

In Part IIT of this thesis production
programme figures are referred to daily,
one day being ;.24 hour period or 12

hour periocd depending on the number of
shifts worked., In a standard working
week there are 4 complete 24 hour
periods (2 shifts) and one 12 hour pericd
(one shift), So the production programme
for a week is written as two figures,
449/204 ete, iIndicating that the week
contains 4 daily precduction programmes

for 449 vehicles each, and one daily

T L ) .4
PTCEIGNNE Lul cug Teusolas.,

The Company's short-term producticn plan
determining preduction mix, issued

monthly.

Cars that are completely assembled in the
U.X. and either sold in the home market

or exported complete.
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Term Definition
Knocked Down (XD) Cars that are assembled abroéd, either

by foreign subsidiaries or under licence,
from sets of sub-assemblies produced in

the UK,

‘CAB 1 and CAB 2 One of the Company's assembly plants
has two Car Assefbly Buildings in it,
Thege are referred to as Car Assembly

Buildings, or CAB 1 and 2,



"To investigate, with a view to improvement, the

interacticn of the supply of major components with main

*
production,”

®* For the purposes of this thesis na jor components are

as defined in the Glossary, -
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PART T .. BACKCPCUND

HAPTER 1 - MCTCR MANUFACTURS AT AUSTIN.MCRRIS

1.1, Intreoduction -~ Car Manufacture,

The manufecturing processes involved in building a motor
car appear at first to be very complex. The average femily
car is built up from at least 5,000 individual parts, Yei

the final assembly of a car involves the putting together of only

a handful of major components, sub-assemblies and parts.

The discrepancy is explaired by the additive process of car
manufacture, which is illustrated on the flow chart in Figure 1.1.a
on page 10, In general there are three distinect stages of
manufacture, First there is the processing of raw materi lals,
such as steel, iron and aluminium, into processed or finighed ~
parts. These processes do not involve the addition of any other
parts and they are usually batch producticn operations, such as

casting, forging, pressing and machining,

The second stage is the assembly of processed parts, bought
in parts and any existing sub-assemblies into increasingly
larger sub—assémblies as final assembly is approached., ZEach
successive sub-assembly has its own part number and exists zs a
sirgle unit in its own right for a time, The largest sub-acssemblies
to be built are the major components, which are surrounded by tk
continuous circles in the flow chart. Together they contain
about one half of the tztal number of individual parts that go

into a car,
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¥igure 1,1.2

PRODUCTION PHOCESSES IN THE MANUFACTURE OF A MOTOR CAR

Raw Materials
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Iron Cast; Steel and Cut (B)
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y

Panels Welded
into Sub-
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.-""'l"""-—-,\\
////f W

!
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Forgings Machin-
ed (B/FB)

/,/'" 'Jf“‘“\\

/ Suspension Unif\
Assembled (FL)

Assembled (FL)

/ Body Shell A

Steel
Forged &
Stamped

(3)

Iron
Cast(B)
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l

Engine !
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ed (FL)
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{Forgings
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Gear Fox,
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I
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‘2" Body Shell -
Painted & Trimmed
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Vehicle Despatched

Made in (elsewhere)

-
Bought out
e,
Made out
(sub-~contract)
(B) = Batch
Production
(FB)= Flow-batch
Production
(FL)= Flow-line

Production
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All that hes to be done in the last stage of manufacture
is the peainting and trimming of the body shell and the final

assembly operaticn,

The flow chart has been drawn up in terms of the nmajor

- components defined for this thesis in order te stress the
important part they play in the manufacture—of a motor car.

Cn the one hand they are extremely expensive items, accounting
for about one half of the total labour and material costs of
a car, as vell as a large slice of the overhead costs. On
the other hand each major component is essential to the
production of any motor car. Stocks of major components
therefore form the final, most expensive, and most vital

inventory staticn in a series of stations,

1.2, Integretion and Location of Sub-assembly and Main Asgembly

Plants in the Compzny,

The flow chart in Figure 1.1.a shows that a certain degree
of vertical integration has been achieved in the motor industry,
but the degree of this integration is not as complete as is

sometimes imagined.

The broken line arrows on the chart indicate that many parts
and sub-assemblies used to build a car are still either bought
'outside' the companies controlling car assembly, or processed and
built wp by independent sub-contractors. In fact the sector of

the motor industry which is not owned by the car assembly



companies employs mors psonle than the sechow which is owned

(14)

by them. At the top end of the scale in this independent zazctor
are companies which exercige monepelistic or oligopolistic
control over supplie; of such comporents as tyres, toughened
glaés and brakes. The dependeney of tha moter car assembly
companies on the supplies of such ccmponents has been

demonstrated several times cver the past few years when

industrial action has affecteg delivery,

It would; however, be true to sey that the closer thz
: ; .

production precessis to {insl assembly, the higher the derres of

@

verticzl integration there is. By the time major componznts

are assembled and supplied to finsl asgembly this integration ig

L

complete, Two ccnsequences follow from this. Firstly the

motor car assembly compiny has complete control over the supply
of major components for finsl agsembly.  But, secondly, it

is not possible to obtain a major ccmponent from anywhere else

when stocks run out.

Verticel integration in the U.K. Motor industry has been
the result of a logical progression of events rather then = planned
process. Before the Second World War it was the exception
rether then the tule and even some of the companies producing

major components were independent from those assembling the cars

.

Since the war it has come about graduzlly through a series of

s,

takeovers and mergers. So graduaclly, in fact, that the Pressed
Steel Company, now a part of Austin-Morris, was still an

independent supplicr of body shells less than ten years ago.
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The gradual process of integration to some exitent
explains the dispersal of factories belonging to the motor
cer assermbly companies throughout the country, although since
the war, successive governments have also succeeded in getiing
the compénies to build factories in develcpment areas. It alsco
explaing the arrow lsbelled 'made in (elsewhere)! on the flow
chart in Figure 1.1.a, which can now be seen tc mean that a
part or sub-assembly used in a particular process has been

supplied from another factory within the same company.

austin-lorris is one result of this gradual process of
integration and consequently some of its stb-assembly plants
are located at scme distance from the main assembly plants,
as illustrated cn the map in Figure 1.2.a on page 14.
iny attempt to closely integrate the production at factories
in different locations is bound to create some problems,
especially when flow-line operations are involved. Those
sub-assembly plants in Austin-Morris which are not located
in or near the main assembly plant complexes to which they send
their products are connected to the assembly plant by road or
rail transport. The flow of transport from sub-agsembly plants
to main assembly plants is therefore an integral part of the
production system, which must be maintained almost continuously

if the system is not to brezk down.
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1.3 Plamning Production in the Company

There are two levels of procduction planning in the Company,
The first covers long-term planning, The cost of altering
machines and flcw-line tracks every time total production levels
for a car range are changed can be very high, Not only are
the machine and track alteretions expensive to carry out, but
the equipment involved must remain idle for dé}s, or even weeks,
at a time, The Compeny also covers the costs incurred by
independent suppliers setting up their machines to satisfy a
particular production level vhether the parts are ordered or rot.
And finally totsl production levels are subjecl to union
negotiations from which labour triss to obtaih long production
runs at a steady level in order to obtain regular wages, For all
these reasons it is impracticable to let short-term demand for
finished ecars be the sole factor to influence total production
levels for car ranges. Some compromise between sales and
prcduction must be reached., This compromise is a préduction
progremme which is based on long-term forecasts of sales and
productivity; The duration of a production programme is never
usually less than six months and once it has been set it will cnly
be altered if a serious error in fcrecasts has been made. It
effectively keeps production levels for each car range steady over
a fairly long period of time and so allows the investment costs in

production facilities to be recovered,
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he seecond level of produziion plamning in the Cerpsry is
contrelled by the Yehicle Build Programe. The VEP 1g a shori-term
plan vhich fixes the producticn of cne month ahead firmiy, and the

preduction of two further months tentatively, in mors precise deotail

o 2

i ]

within the conctraints laid down by the preduction programme.  Just
as the totul number of cers to be produced in each car range is

determined by long-term planni ing, the mix of optiocns within any

renge 2o contrelled by the VEP from month to month, A such the
second level of production planning is more closely related to sales

forecasts and the Cezpany's Sales Reguirement Forecast aluays

basis for the VED. Figare 1.2.a on page 17 1llustrates vhe

prezernt proce dure for determining the VBP and a specimen copy of

N
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:mbly and main assembly
plants is affected by both levels of planning., Both types of
factory cperate on & flow~line principle and therefore their track
speeds znd the distances between cperaticns on the lines are fixed

in accordcnce with the production progremme, y’ﬁﬂlﬁ? up levels -
the amount of labour and the number of skills necessary for any
production level - are zlso controlled by long~term plans, But none
of these factors are affected by what major component or car options
within any renge are produced and so production mix is governeq oy
the VBP. In the ghort term, therefore, the producticn of Inajor

components and their usace at the as embly plants can only be controlled

in content, and not in nusber,
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One of the basic ingrecdients of standard stoel conbirol syatens

is the ability to order more supplies and, ‘within'a re:

& reasciable lood
time, to receive all or most of those supplies, That ingredient
is not, however, present in the production system connecting major

components with finsl agsewbly.,

Stocks of mzjor compenente occur as e result of any variaebility

between thelr supply from the sub-asscmbly plants and their usags
at the sssembly planis. In theory the inbtegration boiwesn the +tuo
types of plants should be so close that any varia 1bility betwesn

supply end usage of major compoucnis is negligible and control of

T - & i} > . b - -
stocks is unnecsssary. in practice, however, the gystem may not
" * IR ] s A
alwveys work so perfectly. len and machines are 2111kl le, end

trensport, elthough an integral part of the production system, is not
alveys under the Company's control. Morecver, in volume car

assembly even small variability between supply and usage of major

components can result in large surpiuses of stock occurdn~ or

a large amount of production at the assembly plants being lost

through shortages.

In the latter case there would be a2 need for some form of
steck control. But nsjor components carnot be scheduled and S0
sefety stocks cennot be maintained. . One form of control

ilable is the fixing of ceiling levels up to which the stocks

of any major component will be permitted o rise.




Company records, examined in the early stages of the
resezrel project, indicated that large surpluses of major compovernt
stocks do occur guite frequently, as do losses to production cauced
by shortages of major components. A list of weekly opening
steck Tigures for tLe_body shalls of 2 particular car rangs that
jere recorded during the finaoneisl year 1988/69 arpear in 3
Apvendix C1. Buring the szme ysar 46,240 cars werc lost fro
total fustin-Yorris preduction because of shoricges of major
components.

Further invesligation esteublished that there are two ays
in which the ceiling levels for major ctimonsnt stocks c:n be
fixed in the Compzny. The {irst method is to tic the ceiling
levels tc the production programme currently in force by fixing
them at the plamned production levels for two or three shifts.

This is, however, only a rough guide.

Ceiling levels can alsc be fixed by using a caleulaticn
contained in the C49 procedure for selective parts control in the
Compeny. 049 is the standerd scheduling and float control
proce-dure used by the Company. It was prima rily Gesigned for
use in scheduling materials and, as such, assumes some degreec of
contrel over levels of supply in the short term in order to
maintain ssfety stocks. That control does nod exist in the tase
of mzjor components and enguiriss established that 049 was not
rezlly designed for vse with major compenents.  Bubl 049 does have

calcvlation to fix c2iling Jevels for steciks, which appears in
Figore 1.4.2 on page 21 and which czn be used for major components.



The two elements of that calculation are Stores Buffer and
Delivery Quantity. The Stores Buffer is itscif the sum of the
elements set out in the centre of Figure 1.4b on page 22
which turns out to be a negligible figure for major components
because of the continuous nature of the way in which they are
~delivered, and can therefore be safely ignored. The Delivery
Quantity for major components is the prcduction programme for the
time interval over which delivery is considered to take place.

The ceiling level chosen will therefore depend on this time
interval. If a small one is used ceiling levels will be low and
if a large one is used they will be high. It is interesting to
note that if the 049 calculation were applied over time intervals
of one shift and two shifts, the ceiling levels would be one and a
half shifts and three shifts of planned production respectively,
which are almost the same as suggested by the rough guide described

above,.

1.5 Heed for some Method of Review estzblished,

Both methods of fixing ceiling levels for major component :
stocks in the Company are arbitrary. They include no method of
evaluating the effects of the chosen levels on the Company, neither
do they have any means of comparing the chosen lévels against other
potential ceiling level policies. This dces not mean to say that
the ceiling levels chosen by those methods are not the best
available. It just means that the Company has no means of knowing

whether or not they are the best. In order to be sure of choosing
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Pigure 1.4.b
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the best ceiling level policy for major corponents, however that

policy is calculated, it is necessary to use some scientific method
of reviewing major component stocking policy. - Such a method would
fix ceiling levels in such a way as to minimise the combined cost
of holding large stocks and losing production because of shortages.
In other words the variability between the supply and usage of
major components would be the determining.facgar in any secientific
method of review. It was therefore decided to try and establish

such a method of revieuw.
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CHAPTER 2 - CONTRIBUTION OF LITERATURE AND RESEARCH

2.1 The Review of Literature and Research.

A review of existing literature and contemporary research
Was undertaken once the problem area had been defined. The
primary purpose of the review was to find an existing method
of ceiling level control for major in-process stocks, which
could be applied directly to major components in the motor
industry. Failing this a secondary purpose was to find some
existing work in the field of stock control that could be
adapted for the development of a major component stocking
model. Three approaches to the literature and research
survey were taken.

2.1.1. References from the following bibliographies were

followed up.

(2) The APICS Bibliography1.

(b) 'Opera*ions Research in Production and Inventory
. Control'z.

(¢) 'Inventory Control Research: A Survey'a.

-
(d) The Austin-Morris Inventory Control Bibliography4.

2.1.2. Abstracts from specialised abstract publications in

the fields of industrial scheduling5 and inventory

contr016 were read and potentially useful references

were followed up.

2.1.3. A survey of contemporary research into in-~process
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stock control, based on the latest available edition
of 'Scientific Research in.British Universities and
Colleges, Volu@e III ('fhe Social Sciences)'T, was

* carried out. A copy of the circular letter sent out
in connection with the survey appears in FPigure 2.1.2
on page 26 , and a schedule containing details of
research that was followed up ié contained in Figure

2.1.b on page 27 . -

2.2 The Contribution of the Review.

The review yielded mixed results. Because of the nature
of the stouck control problem involved and its peculiarity to
the motor indusiry no immediately applicable methods of
reviewing major component stocking policy were found. The few
useful references that were found, hovever, did provide a

basis for the development of a major component stocking model.

2+.2.1. The production system described in '"The Effects of

Breakdowns and Interstage Storage on Production Line .
Capacity'a bears a close resemblance to the systen
linking major component sub-assembly with final
assembly. The automated production line model
described in the article has the following main
features:

(a) It is defined as “...a network of automatic (
machine cantrolled) production stages through which
rarts are successively fed." Attention is restricted
to production lines of a simple linear flow with n

stages.



s Figure 2.1.2

Heed of Department:
Profossor | F Gihmn

Meple House, 158 Corporation Street,

Postgraduate Room Birmingham 4
Telephone 021-359 3611
Extension:

Dearxr

I am a research student at the University of Aston
doing some work on production and inventory control for
major components in the motor and heavy engineering
industries. The research is concerned with major in-

Process stocks and supplies rather than finished
products.

I understand from the latest edition of "Scientific
Research in British Universities and Colleges" Volume 3,
that you are carrying out research into some aspect of
production and inventory control. If your research is
in any way connected with in-process stocks (the
industry oir product is not important at this stage), or
with computer applications for in-process stock control,
I would be obliged if you could let me know a little
about the werk you are deing,

Should I discover that we have some common ground
in the research we are doing I would be very pleased
to start a correspondence with ¥ou and, should the
need occur, come and see YOou.

Yours faithfully,
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Figure 2.1.b

CONTEMPORARY RESEARCH PROJECTS FOLLOWED UP

NAME

S.J. Morrison.

D.C. Spencer.

K. Hilton.

Dr. G. Gregory.

MeJes Sargeaunt.

D,J. Jugwell.

G.A,B. Hdwards.

R, Shanks,

UNIVERSITY ETC.

Fail -

Leicester Coll.

of Technology

Southampton

Lancaster

Loughborough

Svansea (U.of W.)

UKISsY

Warwick

RESEARCH TOPIC

"Production scheduling and in-~

process stock control problema"

"Development of ultra-stable
production and stock control
systems: examination of the role
of stecks as a casual factor in

generating economic instability."

"Inventory model of U.K. by
sector" (1966-1968), "Cross=
section analysis of stocks in
British manufacturing industry"”

(1966-1968).

"Layout problems of cales fore-
casting, production planning and
stock control.” (1968~1969).

"Overall optimisation of complete
industrial systems as against
sub=-optimisation of the individ=-
ual parts, with particular
reference to stock and production
control." (1966~ e

"Systems for inventory control in
instrument manufacturing company"
(1966-1968 Marconi Ltd.).

"Inventory control in engineering
Tirms." (1967 )e

"Production planning in the motor
industry." (1967-1970).
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(b) " A production line is considered to be producing
vhenever the last stage is turning out finished
pieces. Otherwise it is said that the line is "down","
(c) Bach stage in the line is subsect to random
stoppages resulting from mechanical breakdowns or

ad justments, and a stage in this condition is
considered to be "down"., A working stage is referred
to as being "up", i

(d) " A third state is possible for a stage. That is,
it is physically able to Producesssss.but it either has
no parts on which to work or it has no place to eject
the part on which .t has just completed work." Such a
stage is said to be "forced down",

(e) " & storage facility between two successive etages
is called the'buffer capacity. Under the postulates

of breakdowns, the number of parts found in a buffer
at any time is a chance variable. A stage will build
up the number of parts in a buffer whenever that stage
is up and the succeeding stage is down or forced

down., A stage will decrease the number of parts in a .
buffer whenever that stage is up and the preceeding
stage is down or forced dowm. The buffers are not
preloaded with parts at the beginning of a production

run,"

At first sight it may appear that the two producticn
systemg have so much in common that the method set
out in the article fox determining how much buffer
storage capacity to provide for an automated

production line could be directly applied for
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determining optimun ceiling levels for major
component stocks. Closer inspection of the conients,
however, indicate a2 number of imﬁortant differences,
vhich are listed below.
(2) lir Preeven's interest is not restricted to
storage policy alone. He is concerned with the
ma2jor fectors rela%ing to the dgsign of automated
production lines, and in the article referred to he
seeks to determine: -
" 1. How many stages to employ in the line.
2. In which order to place the stage~.
5« How much interstage storage capacity
to prdvide.
4. How to allocate the storage capacity
among the stageg.“

(b) .The production line defined im the article is
not strictly comparable to the production syetenm
under study in this thésis# The article refers to a
pro@uction line separated-into production stages
by buffer storage facilities, each stage carrying
out a distin;t operation on a part. Such a production
prrocess is referred to as flow-batch in Figure 1.1.2
on paée I0 ; and it is used mainly for machining
operations in the motor industry. 9he system described
in Chapter One can be defined as two continuous flow-
lines connected by & major component storage facility.
Furthcrmore,-whereas My Freaman is only considering
one n-stage line, the system under étudy containg

three or four parallel sub-ascembly lines feeding one



(¢} Only fixed capacity buffer storage facilities are

ltered. Conitrol of mojor
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component stocks, Lowever, munt involve moms degres of
flexibiliwy in the ceiling levels uscd, in order to
cater for varying conditions.

() Pinally, the analysis used In the article is
confined to the mechenical bebaviour of procduction
ages in the production line. Transvort beiveen stags
is discounted and huwan factors are ignored, The
assumptions ueed in this respect are critical o the

solutiong arrived at in the 2

H

ticle, as the follcwing
Paragrapn illuswrates:

" The last assunpiicns to be made about the production
line concern the byeakdoun characteristics of the
individual stages. In this investigation it is assuued
that the mean up time beiween succesiive breakdowns of
a stage; and the duraztion of a brezkdown, are e&dh
indcpend&nt random variables degeribed by exponential
distributions. .e.s..The basis for choosing the
exponential mcdel is the empirical evidence that
actual production facilities behave in that mennsz,

. > - -~ . - %:- *
Such evidence is cited in Koenigsterg and Feller .M

* References given in the article.
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The differences betwzen the two production systems

bar the way to any direct application of the work in the
article beiﬁg revievwed to the prpblem under study in
this thesis. If, however, the sub-assembly and main
assenbly processes of car manufacture are considered

as two stages of one continuous flow=line, separated

by buffer stock facilities, it ig possible to adapt

the method of simulating the behaviour of the production
stages to determine optimum ceiling levels for major

component stocks, as set out in the article.

A basis for developing a major component stocking model
had been provided by the article discussed above.

The arbiirary assumption about the distribution of
production stage breakdowns, however, did mean that
some other way of describing tﬁe behaviour éf the
production 'stages! concerned had to be found. Once
again the literature provided no direct answer. But
there appeared to be some connection between the system

under study and a dam storage model.,

The use of dam storage theory in stock control is not

a new phenomenon as the following passage from 'The
Theory of Storage'g illustrates:

"Dams and inventories having essentially different
structures it is not at first sight obvious that a very
close connection exists between the two types of
situation. In the above simple model we have a dam of

finite capacity K, input Xt’ content afier release



Zy,q end amount released equal to min (M, Xy + Zt)'
Consider the deficit, Dt = K - Zt’ which is a randen
quantity and may be interpreted as the stock in a
store. During successive intervals of time randon

demands, Xy» are made on the store. If X, € X - Z, the

t
demand can be completely satisfied and the final amount

of stock is K = Xt - Zt‘ It thrK ~ 7, the whole

t

demand cannot be satiafied and the final content of the
store is zero. This corresponds ;o an overflow. At_the
end of each interval of time, the store is again
stocked with an amount M or X - Xt - Zt’ whichever is
less (since the store is finite). This corresponds to
the release rule in the dam., Unsatisfied demand
remains unsatisfied and does not occur again in the
next interval. ‘the equations of this system are thus

exactly the same as those of the dam, whether +the

quantity being stored is continuous or discrete.r

Closer inspection of the above passage. howéver,
demonstrates that it is an inverted dam storage

modél which is being used to describe a siock control
situation. The input of water into the dam, Xt, is
used to describe demand on the store, the release
rule, or flow of water out of the dam, is used <to
describe the flow of stock into the store, and an

overflow is used to describe a stockout,

The literature reviewed did not contain any case in

which a dam storage model is applied to a stocking
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situation the 'right way up'. Yet the danm storage
model referred to in this section is closely related,
as it stands, to the production system linking major
components to final assembly. In'both cases the
supply of a particular commodity flow into a storage
spaﬁe of finite capacity, from where it is taken to
help produce another commodity. The long term nature
of the supply of both water and-;ajor cemponents ean
be estimated from distributions of rainfall in a
given season and deliveries against 2 given production
programme respectively. But the exact level of supply

in any one time interval is largely a matter of

chance for both,

One differenée between the dam storage and major
component stocking situations is that the flow of
major components out of stock is also a chance
variable in the short term, whereas the release rule
for water in a dam can be fairly accurately forecast
for a time interval. This difference is, however,
only one of detail. The dam storage model Provides
an even better-basis for a major component stocking
mocdel than the interstage storage model, described
in 2.2.1, does. The production system being
considered is still one of two 'stages! separated
by a buffer storage facility, but the resulting stock
is no longer being determined by the behaviour of
the production stages themselves. It is now being

determined by the flows of major components being
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supplied to, and used from, a stock reservoir. ‘'he model
developed in Part II of the thesis is therefore
essentially concerned with the interaction between the

supply and usage flows of major coﬁponents.

The dam storage model is by no means the complete
solution., It can only have two.dimensions vhereas

a major component stocking model must have at least
four or five dimensions, one for the supply of each
major component and one for usage. loreover, once
built, the dam has a fixed physical capacity,

whereas ceiling levels for major component stocls

need to be more flexible. he way in which the

basic two dimensional supply/usage model is adapted

to the major component stocking situation is described

in Chapters 3 and 4.

2.3 The Longbridge Engine Storage Exercise.

During the project described in this thesis a small
engine storage simulation exercise was carried out by the
Operational Research Depariment of the Longbridge complex.
That exercise was also based on a supply/usage model, but it
is not directly applicable for the following reasons:

(2) The Longbridge exercise was a one~off study of
the supply and usage of just power units. The
interdependency of the supplies of all major
components was not considered,

(P) The time intexval in that simalation was one week,
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In order to approximate to coniinuocus supply and

usage flows the interval needs %o be much smaller,

The engine storage exercise is mentioned here because,
although it is not directly comparable with the major
component stocking model described in Part II, it does
provide purtial confirmation for the supply/usage model
approach, since both projects were carried_out independently.
The results obtained during the Longbridge exercise also
confirm the trend of results obtained from the major

component stocking model, as will be seen in Chapter 9.

N S A
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PART 1T - TDEVEIOPMENT OF TER CCMPUTER SIMUiATICN I'CDEL

CHAPTER 3 — A MAJOR CCMi CNENT STCCKING MOIEL

Rtz The basic Model

It has already been established in 144 that the sole reason
for any change in the stock level of a major_component is the
veriability, or inter-action, between its supply and usage., A
change in stock level can therefore be defined as the difference
between supply and usage, and the basic major component stocking
model cen be expressed in terms of the following closing stock

equation:
Ficure A

G5, = 0S, + REC

& % - USE

t t
Key: CS = Opening Stock; €S = Closing Stock; REC = Supply;

USE = Usage; t = A Time Interval,

The exact nature of supply and usage for any ons time interval
are not known., But the pattern of supply and usage for any
particular programme level can be estimated. These estimates
cen be made from probability density functions set up from
distributions describing the supply and usage of any major component,
In the model, therefore, supply and usage will depend on estimctes

and the equation should be defined as:



Fipure B

Q
[95]
Il

05, + REC, - USE

t t t t

vhere REC, = Pr(REC)t

USE Pr(USE) £

Kev: Pr( - ) = An event estimated from the relevant density

function.

Assuming for the moment that there are no constraints
whatsoever on CS, then the model will be affected solely by the
inter-action between Pr(RZC) and Pr(USE). In this case supply
and usage will be acting quite independently of each other in
the short term described by t. As they are incdependent
variables the results of their inter-action can be described by
their joint distribution, giving estimated changes in stock level,

set out below

Figure C
Pr( A STOCK) += Pr(REC) 4~ Pr(USE) .

with CS, = ©S, + Pr(A sTCCK

t t )t

Key: /\ STCCK = A change in stock level.

/n example of a probability density function built up from
~the joint distribution Pr{ASTCCK) is shown in Figure 3.1.a on
page 38 . Both the continuous and discrete cases have been
included in the example, Given such a density function and an
opening stock figure it is possible to estimate the probabilities

of various closing stock figures,
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ped so fer CS has three possible states.
oI 44 -~ e s+ 4 1t 9N snv vaal atsalli
It can be positive, zero or negative., But in any real sltocking

$ biam g ek P it ' 13 4 Ires =T AT e e
slguaclicn negative closing siocks ecannot oceur and a resiriction

- L 1 " = - o3 o1 - S T ) P

mast therefore be placed on the medel to prevent their oor Crence
41 A S T o e n e TN M 2 o P R T SR e i L] .
there. At the came times the real effeck of a necative stock, s

3 4 - = e U R B ER T T N RN o A
loss to production caused by shortsge of the major comporsnt, mush

be recorded. This loss will amount te the abuslute valis of the
negative atock gencrated by the model. Hence the fcllowing
relationship can be defined:
Firure D
e o for 65, < 0
L T gy

C3 can only be negative if the estimated availability of the
major component is less then its estimated usege, where estimated

availability is the sum of the opening stock and estimated supply.
The value cf the negative closing stock will then be the difference
between estimated ussge and estimated availability, and the uszge
gererzted by the model will be restricted to the estimated
avallability resulting in a zero clesing stock figure., Taking
the availsbility restriction into account the model can be

expressed as follows:
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zponents, hovever, will change at least ecch time the
production programse is changed, It is therefore not practic
to invest in g Physical storage space to cater for just one
supply/usace conCition, There nust, of course, be a physical
1limit to any storage sprce, and the congilderations inveolved in
fixing such a 1init are discuseged in the concluding chepter of
this thesis, The najor ccmponent stocking problen is therefore



to optimise ceiling levels, within any storage

for given suoply/usage cenditions.

The effect of a ceiling level restriction in the real
situation is to stop the supply of the major component in
the following time interval, thus causing a disruption to
producticn at the sub-asscmblj plant for the duration of a
time interval, whenever it is reached., In ihe model this can

be expressed as:

t t t =
where REC, = Pr(REC) for 08, <MAX
=== t % t
REC, = 0; DIS = ¢ for 0S, > MAX

(for USE see Figure E) 4

ey
D
-

MiX = Ceiling level; DIS = Disruptions to Producticn at

the Sub-assembly Plant.

3e4,e Explainine Tosses to Production in Asgembly, a2

Disrupticns to Productisn in Sub-assembly,

The basis of the major component stocking model is the

unconstrained inter-asction betwsen supply and usage, wvhich is

level constraints into the model can therefore be explained by

reference to the example in Fisure
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There are two ways in which lcsses to production in
assembly and disruptions to production at sub-assembly
can occur, The first is when average levels of efficiency
at the two types of factory are out of equilibrium, Md
is the mean likely change in stock., If Md is significantly
different from zero, there will be either a cumulative
ircrease in stocks or a cumulative decrease in stocks, and
the inter-action between supply and usage will be congtantly
subjected to a constraint. Consequently there will be either
large losses to preduction in final assembly, or frequent
disruptions to production at the sub-assembly plant, It is
possible to find an optimum ceiling level restriction for
this supply/usage céndition. But to do .so would be to solve
for a second best situation and thus imply that such a
situation had been accepted as normal. Depending on how large
a value Md is, it it also unlikely that any optimum solution

would make much difference to the situation in this case,

When Md is not significantly different from zero, the
supply and usage of any major component are in balance. But
the model is probabilistic, and the order of events is unkrown.
It is therefore possible for either a decrease in stocks to
occur in a time interval with a low opening stock, or for an
increase in stocks to occur in a time interval with a high
opening stock. These combinations of circumstances would
also result in the inter-action between supply and usage being

subjected to the restrictions, causing either losses to productioh
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in final assembly or disruptions to production at sub-assembly

to occur,

In the first case the mean likely chenge in stocks is
the determining factor in the model. But in the second case
it is the variznce of the Jjoint distribution that determines
how many times the constraints need to be used. The flatter
the distribution, for instance, the greater is the chance of
eny large change in stocks, and consequently the greater is the
chance of any loss to production at final assembly or disruption
to preduction at sub-assembly. In a balanced supply/usage
situation, therefore, a useful optimum solution, in terms of
ceiling 1e§e1 restriction, can be found, and it will alwvays be
related to the variance of the joint distribution, The higher
the variability between supply and usage is, the larger the
veriance of their joint distribution will be and the higher

the ceiling level needs to be set.

Two further considerations arise from the explanations
given in this section. The first concerns the independence of
the supply and usage variables, These variables are only
independent when their inter-sction is not subject to any
restrictions. In the model the inter-action takes place
before the restrictions are intreduced, and the model itself
then determines the effects of any restrictions., The supply/uszge

information used for the model must therefore be independent.



Recorded cupply ard usage informetion will have alrezdy
been subject to the restrictions in the resl sitvaticn, and

therefore som= of it will nol be indenendent If rzcorded
infornsticn is used extrems care must be taken to eliminats
any dependent data.

The sccond considerstion concerng the 4time interval,

o~

ctiong cn supply or usszge,

PI«

In the basic model, with »o restr
negative stocks and very large stocks have ne effect whatscever,
Providing Mg is not sig
cumulative increases in stock will off-set any
decreases in stock almost exactly over a reasonsble length

of time, and the time interval chosen is not of much consequence.
vihen the restrictions are introduced that is no longer the

case. The moment the inter-acecticn is sulrjected to a constraint
its results are affected, and whatever the result of the
inter-action in the following time interval is, it cennct
off-set that effect. 4 loss to production at final assembly
during one time interval, for instance, cannot be made good

by an increase in stocks during the followinz time interval.
The mocdel is therefore very sensitive to the time interval used,
which must be small to approximate to the real situation. If a
tire interval of, say, one week were to be used, any actual
increase or decrease in stocks generated by the model may wvell
conceal any losses to preduction et final assembly or disruptions
to production at sub-assembly that might have ccowtrd duri ing

that wsek,
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3.5. Interdevendency of the Suvplies of 211 Major Cormorents.

Including both the availability and ceiling level
restrictions introduced, the model developed so far has been

expressed as:

CS, = OS, + REC, - USE,
where REC, = Pr(REC), for 08, < MiX
REC . = 0; DIS = % for 08 > MAX
USEy = Pr(USE)t 3 LSS, = ¢ for OS, + Pr(REC)t > Pr(USE)t

(vse, = oS, + Pr(REC), for 0S, + Pr(REC), < Pr(USE),

t

e
&
0
o
il

Pr(USE)t - (08 + Pr(PEC)t )

As it stands the model is only two-ddimensional, describing the
inter-action between the supply of just one major component and
its usage, whereas all four major components are needed to produce
a car. The supplies of 2ll major components are therefore
inter-dependent, and, as such, can only be described by a five
dimensional model, which must contain four supply variables and
one usage variable. There will also be four ceiling level
restrictions, and the purpose of the mcdel will Ee to find nct

an optimum ceiling level, but an optimum combination of the

four ceiling levels. There will still only be one availability
restriction, which will be determined by the major ccomponent, witﬁ
the lowest availsbility in any time interval. The model should

therefore be expressed as follows:




Ficure H
cst,j = Ost,j +RECt,j - SEt
shere REG, .= Pr(i0), | for 0S 6, 3 <MK,
REC, .= 0; DIS; =t for 0, ; X,
USE, = Pr(USE), ; 10SS, = 0  for MINAV, ® Pr(Ues),
USEt o= MINAVt for HIHAVt'< Pr(UsE ¢
Loss, = Pr(USE) &= r-ﬂmvt

Key MIKNAV = Minimum availability amongst major components - i.e.

Minimum (0S, . +Pr(REC), . ); j = A Major Component,
t,J t,J

3.6, The Production Prosramme,

It has already been pointed out that the model depends on the
supply/vucage condition for which ahn optimum ceiling level policy is
being sought, and that this condition will change at least each
time there is a programme change. Consequently if a review of
ma jor component stocking policy over a period to include more than
cne programme level is contemplated, the model will have to include
one distribﬁtion for each of the fiée variables (four for supply
and one for usage) at each programme level to be included. Strictly
speaking, therefore, estimated supply and usage should be writicn
é.s 3 PI",(REC)j /mcf;i and Pr(USE) PROG; respectively, where PROG,
is any one programme level. In order to avoid tco much visusl
complexity, however, this has not been done, ah@ references to

production programmes are made just with the symbol PROG. The
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dependency of the supply and ussge variables on programme

levels is taken as understood from now on.

The production programme also alfects losses to
prcduction at.final assembly., A loss has so far been defined
as Pr(USE)t -MIKAVt , when EIH}Vt~<Pr(USE)t . But lecsses
are really calculated from the production progremme, and
it is possible for more precduction than planned to be
achieved, It is therefore important to ensure that any
potential usage (i.e. estimated usage) over and shove
progremme level, that has not been taken up because of a

shortage of major components, is not regarded as a loss.

On the other hand, when ussge is below the programme
level (i.e. estimated usage again) and a loss oceurs, that
loss is covered by the existing loss relaticnship in Figure H,
_because factors local to the assembly plant would have caused
usage to be below programme level, even if there had been
enough major components to satisfy the complete prcduction

programme. Taking the producticn programme into account

the model should be expressed as follows:
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Fipure I
cst’j =08y, + RECy s - USBy :
vhere REGt,J & Pr(REO)t’J for ost,j <:Mij
RECt,j = 0; DIsj =4 for cst’j > MAY §
USE, = Pr(USE)t j LSS, =0 for MINAV, = Pr(USE),’) for MINAV,
USE, = MINAV,; LOSS, =0 fof-MIHAVt<:Pr(USE . > PROG,
USE, = MINAV,
for P300t<:Pr(Usa)t
LCSSy = PROG, ~ MINAV, for MINAV,
USE, = MINAV, for PROG, E Pr(USE)t < PROGy

IDSSt = Pr(USE)t - MIHAV E?KINﬁVt

t

&
®

CS = Closing Stock; 0S = Cpening Stock; REC = Supply;
USE = Usage; ¢t = Time Interval; j = A Major Component;
Pr( - ) = An Estimated Event; MiX = Ceiling Level;

DIS

]

Disruption to Production at Sub-Assembly; ILCSS =
Loss to Production at Final Assembly; MINAV = Minimum
Aveilebility.

A flow chart of this model can be seen on Figure 3.6a. on page 50 .

3.7 Accurzey of the Model,

The model set out in Figure I is the one which has been
used for all the practical work carried out during this research
project, It is, however, a simnlified model. Greater accuracy

could still be achieved, A more accurate and complex model is
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described in Chapter Four. But, for reasons that are

given at the end of that chapter, it .was not possible to put
the more complex model to any practical usé at this stage.
The description of the more ccmplex model has been included
in this thesis so that it can be used immediately the
practical difficulties involved are overcome, without any

—

further work being necessary.



~50- Pigure 3.6.2a

FLOW-CHART OF SINPLIFIED MAJOR COMPONLNT STOCKING MNODEL

Key: See Figure I in
3.6,

3
Pr(REC), ;5 = O

DIS, = - o]
o —
e
By, 3=054 s+Pr(REC), .
~
Find minimum AV
S 3
!
& Pr(USE), > 07 i =

8 PHOGt>MINAVt?

No

™

lYea
10Ss, = 0

§ PROG,>Pr(USE),

—T1s L0SS, = b
8 - : -
-<}T(USL)f;MINHvt. PROG,
| MINAV+4 Te
L'Yes ‘ Pr(USE)t;mznavt?
Pr(USE), LO8n, - o Yes
SMINAV, | Px(USE) ¢~ N

e __r;it._i;[:_w;b__/
\ L .
o

H.B 1In Figures 3.6.2 and 4.4.2 actual supply and usage in the

final equation are also defined by Pr(REC) and Pr (USE).
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far. Producticn stops when a constraint has been reachzd and only

starts again in the following time interval

I to epasnodic production,

This is, of course, wrealistic, Thotwe i a cost stiachzd
to any production process that is frecuently dicsrvnted, espseially
vhen production is supposed to be more or lsgs conbtinuous, asz in
the cass of the production and usage of nzjor components. figsts

Company does have a poliey to cover poss
production at agsembly and sub-agsembly plants. This policy has
been introduced into the model, in the form of rc"trigtlﬂnu, in

order to try To make the model more ro:lictic., It will also make

the mocel more complex.

L.2s Usage Restrictiocns,

The important relationchip between sub-assembly and main

asserbly planits has resulted in a good communication

(."}
<
r"

them, Advance lmowledge of certain events ig therefore availzble

to management. Given this knowledge, it is Company policy not

to stzrt preduction in any shift if there is a good chsoneca thzt

o



most of the shift will not ke wvorked f

O

r on¢ reason or another,
This is because the moment any shift begins labour costs for

the whole shift sre incurred whether it is worked or not.

In the medel it can be assumed that advance knowledge of
estimated supply levels for all time intervals within any shift
is availeble at the beginring of each shift., In order to engure
thet most of any shift will be worked and That there will not
be too many disruptions to final assembly becauge of shortages
of major ccmponents, the minimum availability fizure is compared
against a fairly high percentage of the producticn pregramme
for that shift, If the mirimum availability for the shift is
lower than the chosen percentage of programme the shift is not
begun and lost production amounting to the whole shift prograrme
is attributed to the shortzge of the major component with the
minimum availsbility., The part of the model relating to

producticn loss can therefore be expressed as follows:

FIGUEE
USE =0 n
t100-tn J.OI' X{Y
10SS =t
t1...tn = PROG£

(and then as for FigureI)

=
()
Pe
Il

MINA s = i.e. Hinizum (oss,j + Pr(EEG) 2y )3 8 = Shift

<
l

= Chosen Percentage of Production Frogramme; n = Nurber

of time Intervals in a Shift,



AeBs Sunnly Reztrictions.

If t is less than a shift disruptions to producticn can
also occur in the middle of any shift at the sub-assembly plants
and similar restrictions must be zpplied to the supply of major

components.,

The model again assumes prior lnowledge of events thati may
lead to this situation, and if it is lnown thet the ceiling level

will be exceeded during the shift to come, production at the sub-

assembly plant concerned will be stopped for that shift,

Whether or not the ceiling level will be exceeded in the
next shift depends on the interaction between supply and usage.
But usezgs itself may depend either on the ectimated level of usage
input into the model, or on a low availability of another major
component, In the case of each major component, therefore, the
chances of their respective ceiling levels being reached depend

on the size of existing stock levels and on either a low uszge

being estimated or a low minimum availability being estimated.

The additional supply restrictions can therefore be written

ass:
Fizure K
REC ;. =0: DIS. =8 for 08 , = MAX,
t1...tn o ’ =4 O e
and 05. . +*REC .= UY = MAX:
and - (05 EC 3= B i
Bey: U=Pr(USE), g0, pr(usz) £ x
S

=X for Pr(U.’.’;E)S >X



The more complex model is formed by applying the exterded
restrictions set out in Figures J and K to the closing stock

equation:

An illustraticn of this model appears on the flow-chart in Figure

Lelea on page 56,

L.,5, The Time Interval in the more comnlex Model,

It would be generally agreed that the additicnal restricticns
introcduced into the model in this chapter mzke for greater
accuracy on two counts. Firstly the good communications and the
production policy on which they are based do exist., And secondly
time intervals of one shift or less must be used with the more
complex model, It will therefore be more representative of the

real situation,.

Yet it was tiis restriction on time intervals that can be used
in the more complex model that caused it to be abandoned: for the
feasibility study described in Part III of this thesis. A model
is only as good as the information that can be fed into it. After
the model had been built records of supply and usage were examined,
It was found that it would be impracticable to collect the
necessary supply and ussge information over time intervals of one
shift or less for the experimentzal work to be carried out during

. the research project for two reasons.
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Firstly, altkough supply and usage information is available,
over small time intervals from Company recordé cf one sort or
another, the necessafy recoerds are not easily accessible and they
elso contain a fairly large number of gaps. Secondly, any
information collected for use in the model must also be
investigated in order to eliminate any dependent data (see scction
4 of Chapter Three). The work of investigating the information
collected over small time intervals turned out to be too
ccmplicated and time-consuming to be successfully undertaken by

one person in the time available.

It was therefcre decided to colleect daily supply and usage
information for any experimental work. Butbt that meant that the
more complex model cculd not be used, and that all practical work
would have to be done on the simplified model in Figure I. It
should be stressed that the work done is none the less valid_
becsuse the simpler model was used as the results obtained in

validating the model, described in Chapter Seven, indicate,



~56= Figure 4.4.a
FLOW~CHART OF THE

MORE CCMPLEX MODEL

Key: See Figure I 'X=Min.(oss J+PT(RECl;p
in 3.6, Figure
J in 4.2 and
Figure K in

43
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0
3 l L//
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various ceiling lsvel stocking policieg it is necessery to
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different policies can be compared go that on optimum pelic
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cen bes chesen, The cost involved fixing a given celilin
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devel 1s used as that measure of perfornance, snd the eleronls

The use of a ceiling level stocking policy for majo
components implies a storage policy, even if thet policy were
to leave stocks lying around in any availeble open speces. The
storage policy used will obviocusly affect the cost of maintaining
any particular ceiling level in one wey or another. If no
storazge fzeilities are to be provided there will be a high ccst
of maintenance and deteriorntion. If facilities are to be
provided there will be &n investment ccst, but the maintenance
end cbsolescence costs will be much lewer It should therzsiouie
be the purpose of any major component stocking review to coipare
the optimum ceiling levels for different storage policies, in
order to choose the storage poliey with the minimum cont, as well

as comraring different ceiling levels for just one storezge polic
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policy in the model has threse : They sre:
The investiment cosh. 1% can sary frem tiothing

to thousarnds of pounds, but if there is to be sn
investment cost it will be discounted over a

number of ysers and appear as an armual cost in

the model,

Storage facility capscity. If invegtnent in
sterage faeilities doee tuke plaes 45 must ke
remsmbersd thet each fecility will have g

different capacily for ezch trpe ajor
componsnt. llore gpacc will be required for i
storing body shells, for instence, than

storing cuspension units. The investment .
cost attributables to ecch type of major

conponent must therefore be related to the

amount of the storege facility taken up by it.

Factory Floor Storage Space. In the assembly
plants there is usvally provisicn for buffering
a limited amount, of major component stocks,
regsulting from the varizbility between supply
and usege, within the foctory building itself.
In CAB 2, for instance, there is a balcony

capable of holding some

i 200 body shells, 4 small

proportion of any major componsnt shocks can

thercfore be accommodated in these existing

storage facilities et no extra investment cost.
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Any storage policy can thus be expressed as follows:
1-“1.‘“\ r -Tf
Cosy 7
' s T e e e ‘
< ( (pax. ) /3 LV B
L - J 39
Kev: MAX = Ceiling Level; ZI = Feotory flcor Storage Space;
DIV = Storage Facility Capacity; TC = Investuent Cost;
J = Iny Major Component.
5.2. Cost of holding Stock,
Tie cost of holding stock is the opportunity cost cf
keeping capital tied up in stocks insteesd of investing the
capital and getiing a reburn, plts the cost of maintaining

held ia gtock. As the cost of maintaining stocks (or

failing to meintain them in terms of vwiar and tzx) is included
in the cost cf holding, the cost of holding Will us sually be
invercely proporticnal. to the investment cost, as explained

in 5.2. The cost of helding is expressed below.

Kev: CH = Cocst of Holding; CM = Cost of Lebour and lzterials;

= Holding Rate,

5.4 Cost of Shertzge.

The shortege of any major component results in a leoss to
production and a cost is incurred by the Company easch time this

happens., The overhesd costs of every car are calculated on the
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basis of the production progremme. If a car is not built
that overhead must be absorbted by the Company. The cost of

shortage is therefore the unabsorbed overhead cost.

5.5, The Total Cost.

The total cost for any major component stocking policy

can thus be expressed as follows:

Figure N

!‘F . ——
PCOST = I:{( (MAX, - XY.)/DIV, ) x TC.{ + CH_ |+ €03
= J J J J i
for XY,< MAX
or j j
TCCST =5 CH, + COS for XY, ® MAX,
=1 J J J

Key: TCCST = Total Cost; CCS = Cost of Shortage

5.6, The Total Cost Introduced into the lodel.

The total cost is iﬂtrcduced into the model by multiplying
the cost of holding stocks by an average stock figure generated
by the model for any time period, and by multiplying the cost
of shortage by a figure vhich is the sum of all the losses to
production generated by the model for the same time pericd. These

figures are derived from the model in Figure O.
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It is extremely difficult to attach a cost to such
disruptions, even when the informaticn relating to them is
correct, and the information.generated by tke simple model
would not be an accurate reflection of disruptions likely to
oceur in the reel situation. Since the simple model had to
be used for all practical work in the research, it was decided
to make no attempt to cost disrupticns to production at
sub-assembly plants generated by the model. Provision was made,
however, for the number of disruptions that wers generated to

be reccrded so that some idea of their extent could be gained,
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CHAPTER 6 — SIMULATION

6,1, Getting Results. §

It has been .cemonstrated in Chapfer Five that various
ceiling level policies can be evaluated by solving for TCCST
(Figure P) in each case. A review of policies can then be
carried out by simply comparing the costs, and the policy with
the minimum cost can be deemed optimum, A method of reviewing
mzjor component stocking policy has therefore been develcped.
But the evaluation of TCCST depends, in turn, on finding
realistic estimates of the average stock srd the total loss for
each ceiling level policy. As it is not possible to find these
estimates by implementing various policies and waiting for the
results, a model has been constructed to obtain them instead,
It is therefore necessary to find some means of obtaining the
results. from the model that are necesssry for the evaluation of

the stocking policies,

Thefe are two ways in which results cen be obtained from
models. The first is by using an analytical technique and the
second is by gimulation. Analytical techniques usually take the
form of equation(s) or rule(s) of thumb that can‘be applied to the
model., Simulaticn is a technique by which results are obtained

from models by a process of imitation.,

A1l models cen be defined by relationships of one sort or
another, and thercfore it is aluays better to try and find

soluticns analyticzlly. The only reason for resorting to a
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simulation is, according to F. Hannsmanjg Meseoesthe complexity
of the model which prevents one from writing down the desired

meagure of performance in clcsed M"analytical! form,™

The relationships in the major component stocking model all
depend on Pr(ASTCCK) - the joint distribution of supply and
usage. If the parameters of that distribution can be
calculsted it will be possible to find the average stock and total
loss from the mﬁdel analytically. But the real major component
stocking model is not the two-dimensional model portrayed in
Figure 3.1.a on page 38, but a five-dimensicnal model. The
calculation of the parameters of the joint distribution would
trerefore be guite complex, and it was decided to use simulation

in order to cbtain the results from the mcdel.

6.2, Generating Zvents,

Wlhereas aralytical soluticns are found directly frem a -
model, simulation involves the imitation of what happens, or
has happened, in any situation described gy a model. This is
done by generating events in some predetermined order or patternm.
If the model is probabilistic events will be generated in a

pattern determined by a probability or frequency distributicn.

The method by which events are generated for a probabilistic
model is described in this section., Any distributions to bz used

are turned into cumulative distributions as illustrated in the

excmple in Figure 6.2.a. on page 65, The figure contains exumples
i o Vi x

of cumulative distributions for both the continuous and the

3

discrete case. Use of the continuous distribution implies that

any value, between O and 5CC in this case, has a chance of

0
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therefore tends to be ecnfined <o ific batches and is best
deseribed by & discrete distribution, In both cages the
pattern of likely cvents in maintsined by tvhe
distributicn.

The generation of events or valves depends on random
ocouryence, It is knoun that there 1s only a small chence of
obtaining z value of less than 100 on the continucus distribution,

but when & value less thzn 100 will cccur is nct lmown, Zzndom

cceurrenteis ensured by meens of generating a pseude~random
nurb»r, which has an equal chance of turning up as any number
betueen 0 and 1 in the example, Once & pseudo-randcm number

Gkl

has been generated the process of generating zn event from the

v

continuous distribution iz simply one of reading off from the
[

curve the velue corresponiing to tue pseudo-rondom number on
the prebability axis. This is illvustrated by the broken lines

S S e i VS A Ci . T . P e, S
in the exanmnle, In the digcrete distribution tihe random nunmber
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discrete value, that value will be generated. If, for ingtance,
a rancom number of between 0.21 and 0.4 were gencrated, the

corresponding value of 200 would be generated from the distribution,

6.3 A Computer Sirulation lodel,

Simulation can be done by hand, with the help of random
number tables and a calculating machine. The time, effort and
cost of using a computer for simulation are such that it should
be dcne by hand vhenever possible. In the major component stocking
model, however, there are at least five distributions from which
events need to be generated (four for supply and one for usage)
and there are also a large number of policies that need to be
simulated because a policy is any combination of four ceiling
levels, not just oné set of ceiling levels., Use of a computer-
is therefore essential to the model., But this also means that
the cost of using a computer must be borne in mind when

considering how useful the simulation model is to the Company.

The size of this section in the thesis belies the time and
effort spént on computer systems and programming. Although an
understanding of computers and computing is not necessary for the
reading and understanding of the thesis, because a computer is
only the means of evaluating end compearing different major
~component stocking policies, any appreciation of the work involved
must take the computing done into account. Instructions and
advice on how to use the ccomputer simulation model can be found in

Appendix B, together with details of the computer programs used.’



0

There are, in fact, two programs. The first builds up
frequency distributions of supply and usage., The second is the
simulation program proper, which genefates the .events, puts them
through the model and evaluates and comgares the cests of various
ceiling level policies., If the behaviour of any supply variable-
or usage can be shown to be compatible with a known probability
distributicn it may not_be necesssry to build.ip a frequency
distribution for it, in which case the first program does not

have to be used.

A1) the programming has been done in FCRTRaN IV, Courses in
the specialist simulation languages of GPSS and CSL were atlended,
but so much of the programming was inveolved in building up
frequency digtributions and sorting, neither of which could be .

done by those languages, that it was decided not to use them at all.

The computer used was the ICL 1905 installation at Aston.
University., It is much smaller and slower than some of the
Company's machines zud therefore the costs and running times
discussed in Chapter 9 may not be applicable. The Aston Computer,
howvever, was much more adaptable to research work because of the
software avnilable, in terms of statistical packages and
scientific sub-routines, and because of the faster turn-round cf

worke.



PART III .. THS FEASIEILITY STHDY

CHAPTER 7 ~ VALIDATION

Z.1. Purvose of Feasibility Study.

The terms of reference for this research project require
ﬁhe inter-action between the supply of major components and main
assembly to be investigated with a view to iaprcvement. Those
terms have partly been satisfied by the develcpment of a computer
simulation model for the purpose of reviewing major component
stocking pelicy, which is based on the inter-action between supply

and usage of mejor components, and waich has been described in

Part II of this thesisa.

So far, however, all the work deseribed has been theoretical,
In order to carry out the terms of referencé to their full extent
it was necesssry to undertake a feasibility study in order to:
1) Establish that the model being used is a reasonable
approximation of the real situation — i.e. to validate

the model, 3

2) Carry out exzperimental work to assess the computer
simulation model as a means of periodically reviewing
major comporent stocking policy, in terms of

practicability and cost.

7,2, Scone of the Investic-tion.

In order to validate the model an investigation of the supply

ard usage of m=jor components for a particular cer range over a past
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period had to be undertaken, and the actual results from that
pericd had to be compered with the resultis genefated by the
simulation medel. ﬁlﬁhough practical considerations had caused
the simple model to be used, with time intervals of one day, for
all practical work, it was not thought that validation of the

model would prove to be impossible.,

The car fange chosen had to be one of Volume car
manufacture, because only when prcduction levels were high would
the stocks resulting from the variability between supply and
usage become large enough to merit serious consideration and
review. The range chosen for the investigation was therefore
the ADC 16 (11C0/13CC) car range, which represented approximately
36% of the Compeny's tctal planned production at the time, The
period chosen was the latest complete financial year at the time,

1969/70, and the time interval to be used was one day.

The 410 16 car range was, however, being assembled at both the
Company's assembly plants (see map in Figure 1.2.a on page 14 )
during 1969/70. It was realised that the date collection involved
in trying to carry out the investigation at both assembly plants
&culd not be carried ocut in the time available, and the investigation
was further restricted to & sub-set of the car range, The sub-set
chosen was the standard four door ADO 16 szloon, which represented
a still substantial 185 of the Company's total planned production
at the time, and which was built at the Longbridgé assembly plant

during 1969/70.



The scope of the investigation to be undertaken can

therefore be summed up as follows: to investigate in detail
the supply end usage of major components for the standard

four door AD0 16 saloon during the financial year 19¢9/70, and
to zpply the information collected to the simulation model

- described in this thesis in order to validate it and then

experiment with it. o

Te3s The Production System Investicated,

Figure 7.3.a on page 72 illustrates details of the supply
and usage of major components in the system investigated. Bedy
shells were received from three sources; iest Works (within
the Longbridge assembly plant complex) and the two Pressed
Steel Figher fact&ries indicated, Stocks of body shells received
from the PSF factories were kept separate from those received
from Vest Works, when possible, for accounting purposes.

Supplies of power units were received from either of two factories,
both within the assembly plant complex, depending on whether

they were manual or automatic units. Supplies of all suspension
units came from one factory outside the assembly plant complex.

All the factories concerned are, in fact, in the Birminghem area,

Tots. Data Collected,

Information relating to the supply and usage of major
components and production progremmes was required in order to
validate the model. But in the case of supply and usage

information it was not only necegsary to collect the correct
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only low volume, averaging about €0 per day as
opposed to the 500 cdd per day of the féur door
salocn, the same power units and suspension units
were used for both types of car. This protlem was
overcome by subtracting the average daily prccduction

of the 4DC16 Countryman from daily supplies of power

units and suspension units,

Usage informetion was collected from a daily
production report, which gave figures for production
achieved and for production falldown, It also

gave reasons for production falldown, zlthough these
often had to be furthsp investigated. Usage
information éctually input into the model, after the
elimination of dependent data, also appears in the
printouts in Appendix B1, A specimen copy of the

daily production report can e found in Appendix D3.

Daily opening and closing stock information vas collected,

but there were too meny gaps in the records to prove

useful,

During the year investigated there vas a change in
prcduction progr:mmme. toreover, as the time interval
being used was one day, each full week consisted of
four days with two shifts and one day with one ghift.
Consequently it was necessary to use four distributions

for the supply of each major comgonent and for usage.
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The daily production programmes involwed were
449/204 (for two shifts and one shift res:pectively)
during the first 43 preducticn days of the year, and
500/230 for the remaining 196 days (see Glossary.)
Some daily programmes did differ from those set out
above. Butb not sufficisntly for separate account of
them to be taken (e.g. 447 instead of 449 and 209
instead of 204).

Z:L.5, The ceiling levels used for the major components under
investigation were estimated from the stocking
information that had been collected. There had been
a ctrike at the assembly plant during the year and
stocks of body shells, pairs of freont suspension units
and pairs of rear suspension units had risen to 1200,
1400 and 1200 respectively before supplies had been
stopped, : During the same year there was a large
surplus of power units of all types in the Company
and these storks were stored in rented storage space.
It was therefore difficult to establish a realistic
estimate for a ceiling level, and a figure of 2000

was used,

Sranly Validation Results,

In theory any attempt to validate the model should have taken
average stocks, losses to production at final assenmbly and disruptions
To preduction at sub-asseubly inte account, But it had been

established that only the more complex model could generate accuraste



results a2bout disrupticns to production at sub-assembly,

ind insufficient stock data had been collected for comparison
of average stocks generated witk those actuaslly recorded. That
left only losses to production as a means of validating the

model.

Although the pattern of losses to preduction generated
by the simple model using one day as the time interval would
obvicusly not be as accurste as the pettern gensrated by the complex
model, there was no reason to suppose that the total losses
generated by the model for the year should not be a good approximation
of the actual losses to preoduction caused by shortages during
the year, It was therefore decided that the model could be
declared vz1id if the total loss generated by the model was a
reasonsble azpproximation of the actusl loss. This meant that the
mean total loss calculated from a number of simulation runs would
have to have a good confidence of being close to the actual total

loss inecurrsd.

The actual figure for total loss caused by shortages of
major components in the year was 7860, all of which had been
caused by shortages of body shalls. But a strike during the year
which affected the body shell supplying plants wés responsible for
4000 of that loss. The total loss for purposes of comparison
was thersfore considered to be 3860, all caused by shortages of

body shells,
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3

he mean total loss generated by the moddl was 4083, 3692 of

which were cazused by shortages of body shells. 4 geod confide

3
Q
@

for these average figures being not more than 3%-or 4% out was
also cbtzined, It wes therefore considered that the model was
sufficiently velid for use in furthsr experimental -work, altkough

t 1

|

w0

strongly recommended that further validation of the model,

using better recorded data, is undertaken befecre it is put to

(V8]

regular use,
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model, it was decided to assumz that the excess stoek could be

accormodated at no extra investment cost.

The main assumption that has tc be made before costs can
be input into the model is that of storage policy., The
traditional method of storing major compbnents is on trailers,
which are specially built for the transport and storage of
specific major components. In order to make the erxperimental
work as realistic as possible this same method of storage was
chosen.  Another consideration was that trailer costs and

capacities were readily available.

Normally a total storage space restriction would be
available and ceiling levels zbove a certain figure could not te
considered. Some points to be considered in choosing this total
space restriction are discussed in the coﬁclnding chapter of this
thesis. But for the experimental work an attempt was made to
establish the current space restriction in terms of total numbers.,

The restriction would, of course, depend on the rtorage facility

used, wnich were trailers in this case.

Up till now it has been tacitly assumed that all storage of
major ccmponents takes place at the assembly plant. But that is
not the case, and stocks of major components are held at the
sub-assembly plants too. The choice of a total space restriction

did not rezlly warrant a number of detailed caleculations at each
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sub-assenbly plant concerned, and therefore a total restriction
of 200C for each major component was assumed, This high
figure, involving at least 4CO trailers, was chosen so that a
reascnzble range of ceiling levels could be reviewed without the

results being too unrealistic,

8,3 _Supply and Usage,

A great deal of time had been spent in collecting and
investigating the supply and usage information used for
validating the model. It was therefore agreed that the wame
data should be used for the ezperimental work. But, the leong
strike involving body shell plants apart,.body shell supply‘
had still been considerably out of balance with the other supply
variables and usaée, a8 was demonstreated during validation of
the model, Management therefore specified that the supply/héage
conditions for the experimental work should be the same as
existed during the financial year 1969/7C, save that certain body
shell data should be removed in order to establish a balanced
situation. The data removed for the experimental work is

marked with an asterisk on the printouts in Appendix B1,

8.4 Cost and Capacity Information,

Having defined the nature of the experimental work in

detail, cost ang capacity information was collected as follcus:



8.4,.3,
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The cost of labour and material for each major
compenent waes obtained from the Longbridge

cost office and is set out under item one of Appendix
C2. The Company surprisingly did not appear to

have a holding rcte, and therefore a conservative

figure of 25% was chosen.

Trailer capzcities and costs are set out under items
two and three of ippendix G2, Their source was the
factory planning department at Lengbridge. A series
of new trailers was being purchased by the Company
at the time and two sets of capacities and costs

are given for power units and suspension units, The

first set in each case was used for the model.

The factory floor storage space for body shells in GAB 2
vas known because there is a balcony in the building
specifically designed for holding body shells and it

has a cepacity of 200, The space for the other major
components was estimated at 200, 360 and 360 .
respectively for power units, front suspension units

and rear suspension units,

The cost of shortage has been defined as the unsbsorbed
overhead incurred each time a programmed car was not
built because of tre shortage of a major ccmponent,

The Longbridge Operationsl Research Department had use



a figure of £200 to cover thig cost in a project
on engine siorage. But the lower "economic prorit"
figure of 5150, suggested by the Group Frocduction
Control department, was chosen in order to keep costs

congervative,

8,5 Coening Stocks,

The starting point for all simulation runs in the
experimental werk was to be the sgme as the actual opening stock

figures for 1969/70 used in validating the model.

2,6 _Period of Review,

Any implementation of a major component stocking policy would
probably involve scme storage policy decision and some invectment
cost. It is therefore unrealistic to assume that any review of
major component stocking policy could be operated at short intervals,
even if it is anticipated that supply and usage alter their behaviour
significantly in the short term. Considerations in choosing the
period of reviev are discussed in Chapter Tény -, In the
experimental work, however, management wanted the period of reviey
to correspond to a given programme level, As there was one change
in production programme during the year from which the data tase

for the model had been taken, two periods of review were involved
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The viability of using the cemputer simalation medel for
reviewing mzjor component. stocking policy depends on the number
of samples, or simulation rens, that have to be taken for each
ceiling level policy in order to ensure reascnskle accuracy for
the results obtained, The number of sampigs that have to be
teken depend, in turn, on the varicnce of the results generated

by the model,

The validation runs of the simulation model had already
shown that the results for any one major component sicclking colicy
took some time to settle down, and even then varied by between
107 ard 12% about ﬁhe mean. The slight modification msde to the
data base for the experimental work, described in secfion 3 of
Chepter Right, was not expected te affect this veriation a great
deal. But the validation runs were carried out over a psriod of
one year involving a ch:nge in production programme, and hence
‘using four different distributions for each supply variable and
usage. A separate review for each programme level was to be
carried out during the experimental work, and therefore only two
distributions would be used for each variable, Cengequently
further tests were carried out to establish the variation in
results to be expscted., One test was carried out for each

pregramme level,
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Five simulation runs of one ceiling level policy were earried
out fer pericds of between one and five years length, and

variation as a percentage of mean total cost was a follcws:

IABIE 1

Progrsmme Level: 50C/270 £4,9/20/4,

Year Length s ggggugggggg s
1 50.79 1 58,31
2 35.67 2 36.02
3 26.19 3 18.63
4 8.69 4 13.16
5 12.48 5 7.03

8 = estimated standard deviation,

An extra run of six yéars length was carried out for the 449/204
level to discover whether any further dscrease in variation could
be expected, but the variation recorded was 9.33%, It was
therefore cencluded that the results would settle down after about
four years ét the 5C0/230 level, and after about five years at the
449/04 level. The actual variation in both cases was expected
to be in the region of 10%, but more precise calculations were to

be carried out later,
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The long time taken for the results to settle down, and
the large variation in results even then, were thus confirmed.
Applying an estimated standard deviation of 10% to the sampling
formula C x s//™m = A (where C = statistical confidence required
in terms of numbers of standard deviat.ions;1 s = estimated
standard deviation; n = sample size; A = a degree of
accuracy), it turred out that at least 16 Y0725 simulation runs
would be needed for each policy in order tc achieve a +975

2

confidence®™ that the mean tctal cost genereted would be within

4% to 5% of the true mean,

1 This is based on the Normal Distributicn, but in order to
obtain greater accuracy with zmall samples C should be chosen from

the Student's '! Distridution,

2 Confidence limits are usually referred to as .95 and ,99,
But these only apply tc two-tail tests, in which variation both
above and below the mean is taken into account, The purpose
of the simulation model is to find the ceiling level policy
with tﬁe minimum total cost, An error will only occur if the
totel cost of the optimum policy found by the model is

underestimated, Therefore it is only necessary to use a one-

tail test,
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programme levels. That rengs was chosen because it contained
the ceiling levsls estimated to have been used during 1962/70,

1226 policies were involved and a foirly long time on the
(%]

computer was set aside for the run, but the run was not cum;1 eted,

Tot even when the numbter of policies was cut to 44 or 256 wae

the run completed, It was estimated thet it would take about 3
hours for the computer tc complete one run of 1296 policies

The cost of lecsing tiie on the Asuon Univers sily computer was

£50 an hour, £ a minimum of 20 runs was needed at each RIogramme

level, the cost of complebing the review would be X 20.x £50 x

2 or £6CCC, (20 runs of 3 hours each @ £50 an hour for

both programne levels).
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9.2 The Zxtrzct Routine,

The problem encountered was by no means insuperable, A
faster computer could be used and if this were dons the running time
for the model would be cut, although a cut in costs would not
necessarily follow as faster computers cost more for the time used
on them, But it was not even necessary to consider switching
ceriputers at that stage. There are methods of designing
experiments such that cnly a small number of results, which are
likely to be optimum, have to be analysed., A secondary literature
review was undertaken, but unfortunately no applicable method of
experimental design was found, Sufficient knowledge was gained,
hovever, to develop the basis of an experimental design which would
cut down the amourt of computing work to be done. For the purposes

of this thesis it has been called the Extract Noubine,

The underlying assumgtion of the extract routine is that there
is some relationship between the botteom area of the total cost curve
and the ranking of policies being reviewed according to minimum cost.
Within that area the variation in results will make it difficult to
@istinguish the cptimum solution from a number of near optimum
solutions._ But it is highly unlikely for the most expensive policy
ever to be placed near the optimum policy, even in any single
simulstion run, If, therefore, a good estimate of the bottom area
cf the true total cost curve can be obtzined in terms of a percentage
of ranked policies for any one run, it will only be necessary to
carry out one complete simulation run of all the policies to be
revieved, Turther runs of only the likely optimum solutiong

neced then be carried cut.
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There was not sufficient time to develop the extract routine
-properly and carry it to itg logical conclusion by aetermining the
relationship between the optimum area of the total cost curve and the
ranking of policies, Experiments were carried oub, however, and
their results indicatedlfhat the use of the extract routine would
ensure the choice of at least a near optimum sclution. The
resﬁlts of those experiments appear in Appendix C3, and on the basis
of those results it was decided to carry out the review of major
compoﬁent stocking policy by extracting the first 1257 of policies,
ranked according to minimum cost, and then by similating the extracted
policies the correct number of times. Only one run would be needed
to extract the best 125% of policies. The results from the extract
routine experiments were also used to obtain a better estimate of
standard deviation, and estimates of 11,0% and 11.5% were calculated,
It was found that there was a .9995 confidence of their not being
exceeded. Using the sempling formula described in section 1 of this
chepter it was decided to run 30 simulation runs of the extracted
policies for both programme levels in order to achieve an acecuracy

of about 4%.

9.3 Results from the Extract Routire,

In order to avoid making the initial extract run too large at the
same time as trying to cover as wide a range of ceiling levels as
possible, it wes decided to test =l] combinaticns of ceiling levels

between 1000 and 2000 =t steps of 250. This meant that 625 policies
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were to be initially reviewed, but only tke best 12i%, or 78,

from the first run were to be examingd in detail, Appendices

C, and C5 contain the 78 extr%ctcd policies, tegether with theip
mean total costs estimated frem 20 simvlation runs, for the
445/204 and 500/230 programme levels respectively, The ten
optimum policies in each case are aleo marked in the appendices,
4As can be seen there is not much to choose between any of the total
costs relating to the best thirty or =o polizies shoun, and it

can be concluded thzt the bottom area of the total cost curve

is not very sensitive,

9.4 Corparison of Results,

Cnece an optimum, or near optimum, policy for each programme

level had been found, the effect of using them both together during

fects of other

a peried of one year could be ccapared with the e

[y

7 §

olicies, chogen by arbitrary methods. Three other such policies

were chosen.

The first was the ceiling level policy suggested in
section 4 of Chapter One - tying all ceiling levels to three shifts
of production programme, This policy also involved a change of
ceiling levels during the year to be simulated because of the change

in programme,

A second policy used in the rieomparison was to fix all ceiling
levels at their highest possitle point, which was 2000. And the

last policy was the policy used in the validation rung, and ectimated
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2.6 Individual Comronent Simulztion

The influence of the cost of lesses to production was so
pronourced in the results of tke comparison run that management
wished tc develop some means of illustrating the point, A
graphical illustration was suggested, but the results of the
medel are expressed in terms of one totol cost for any combinaticn
cf four ceiling levels, which wculd involve ad illustration of

five dimensions,

For the purpose of.illustration, therefore, the computer
prograns were adapted to review a two dimensionzl case of the inter—
2ction between the supply and ussge of any one major component,

It was fully rezlised that optimum results could not be obtained by
solving for each individual type of major component in this waye
Ho details on how the computer programs were zdapted have been

included in this thesis because the work involved was specific

to this once and for 511 éxercise.

Ceiling levels of between 400 and 2000, at steps of 100, were
simulated over the same one year pericd which still included the .
progremme change, Five simulation runs were carried out for each
major component, but no resl attenpt to obtain stetistically
cerrect averages for the results was made because it wag the
comparison between the influence of the cost of stocking and the
cost of lost production on the totel cost curve that was of central

interest,
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Graphs showing smcothed total cost curves for two of the
simulation runs carried out zppear in appencices €8 and C9,
One curve relates to pairs of front suspension units, and the
other to pairs of rear suspension units. The predominant
feature in both graphs is the steep rise in costs as the ceiling
level decreases from the optimum as oprposed to the very gradual
"rise in costs as the ceiling level increases from the optimum,
The results of all the individual major componant simulation

runs appeared to confirm that the lesser evil lay in setting

ceiling levels tco high rather than too low.

Another feature management required to be illustrated is
the way in which ceiling levels can be lowered from the levels
for which investment in storage facilities has been made, thus
reducirg the amount of capital tied up in stocks at the same time
as allowing a reduction of efficiency at the assembly plant, At
certain times of the year the demand for stocks of finighed cars
falls off considerably and there is not such a great need for
efficiency at the assembly plant, Management wanted to know if
there was a way of discovering how much could be saved, in terms
of a decrease in cépital tied up in stocks of major components,
by a limited reduction in the efficiency of the assembly plant
caused by lowering the ceiling levels. There would, of coursge,
be no reduction in the annusl investment cost for storage

facilities,

It was found that an Efficiency/Cost curve could be

constiructed from the results already being generzted by the model.
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Exarples of the two Efficiency/Cost curves, constructed fron
information generated by the seme simulation runs as were used
for the total cost curves in Appendices C8 and C9, can be geen

in Appendices C10 and C11.

* First of all lcsses to production caused by shortages are
plotted against the ceiling levels a2t which they occur, The losses
to production are then expressed as decreasing rates of production
efficiency, This is done by calculsting loss as a percentage of
total planned production for the year and by then subtracting
thet percentage from 100. The cost of capital tied up in
average stockholdings at the various ceiling levels is then added
as the second set of values for the 'x' axis, From this curve
it is possible to estimate the effects of lowering a ceiling level
oﬁ both efficiency at the assembly plant and average stocks of
major components. COnce again it is not possitle to illustrate
this process for the five-dimensional model, but a similar exércise
can be undertaken by simulating the desired drop in ceiling level

and comparing results,

Cne last interesting feature of the Efficiency/Cost curves
is that they confirm the almost totsl influence of losses to
production on the total cost curve, which is almost identical

to the Efficiency/Cost curve cum. Shortage/Ceiling Level curve.
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The individual component simulation exzercises carried out
were to scme extent similar to the Longbridge engine storage
simulaticn exercise referred to in Chapter 2. There vere still

differences in time interval and method of control assumed for

the two exercises. But the results préved to be strikingly
similar, as is shown by the graph in appendix C12, which has
‘been reproduced from the report on engine storage issued by the
Longbridge Cperaticnal Research Department. ™ The very strong
influence of the cost/risk of shortages of major components

on the total cost curve is thus further confirmed by an

independent scurce,
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CHAPTER 10 ~ CCNCLUSICNS -

1C,1 Besults,

Cn the whole the results obtained from the computer
sirulation model are very encouraging. They can be summarised

as fcllows:

1. YValidation., Even tre simple medel, used with time
intervals of one day, has been shown to be a reasonable
epproximation of the real situation, The more cocmplex

model should therefore prove to be even better,

2. Sxperimentzl work. The major component stocking pelicy

review carried out during the experinental work
established two importsnt points., Firstly losses to
production caused by shortages of mzjor components is by
far the most influential factor on the total cost of any
policy. Conseguently it is eluays better to overestimate,
rather than underestimate, the ceiling levels recuired,
The results of the compariscn ruon, contained in Appendix
C6, show that the arbitrarily chosen poliey of stocking
right up to the limit, whenever the system allowed, costs
only £3000 more than the optimum policy derived from the
model, whereas the arbitrarily chosen policy of
maintaining ceiling levels amounting to only three shifts
of planned productién costs over £170,000 more than the

optimum policy. 4 ceiling level policy of 2000 sets of



I
0
o~

I

major components can therefore be recommended
uncer the specifizd conditions. The second point
established by the results oﬁtained from the model
during the experimental work was that the bottom
area of the total cost curve is ﬁrobably not very

sensitive,

3, Viability,

The amount of work involved in any major component
stocking review will depend on the variability of

the results generated by the model. But if threre ig

a large ‘eriahbility the basis for an experimental design,
which could cut the amount of work to be done quite

considerably, is available.

e ' Cost, The cost of running a simulation model is ususlly
high because of the very nature of simulation. The
cost involved must be considered against the background .
of major component supply, usage and stocks. The cost
of any stocking policy for major components is going to
be high, The cost of choosing the wrong policy will
also be high, The simulation model practically
eliminates the risk of choosing a wrong policy and is
able to review far more policies, with scientific
precision, than sny ons perscn would be able to review.
For reascns that will be given later in this chapter

it is not anticipated that the model will be used very

frequently,
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Zetailed instructions on how to use the computer model are conbains

The firet stage is the data collection. Tuwo typzs of data
have to be Cﬁll cted; supply end usage infcrmation is needed as
the data buse for the model, and cost information is needed as the

measure. of performance in the model, The supply and usage

informztion collectad can either be historicul, if it is thought

likely that a particular sup ply/usace condition is going to repeat

itself, or it can be 2 forscast of likely events obtained Trom
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The second stage is the data processing or preparation.
This involves the eliminaticn of =11 depenhent supply and usage
data. It zlso involves ensuring that the data used for the
mocel describes a balanced supply/usage condition (i.e. where
Hd in Figure 3.1.a. on page 38 is not significantly different

from zero.)

Cnce the data has been prepared the cards are punched and
the supply and usege information is fed iﬁ%o the first computer
program., This program builds up 211 the necessary cumulative
distributions for each supply varisble and usage. It also prints
out the mean and standard deviaticn of each distribution so that
the data czi be checked a second time before it is fed into the
simulation program. The first program then transfers all the

curulzative prcbability distributions onto magnetic tape.

The cycle of simulation runs then begins. A first run is
carried out to determine the optimum run length, and also to
obtazin an estimate of the standzrd deviation of generated results.
The second run is a pilot test to determine what renge of ranked
policies to extract. This is followed by the extract run, and °

finally the full simulzaticn of extracted policies takes place.

10,3 TInformation.

It will be clear by now that the usefulness of the major
cemponent stocking model which has been developed for the Co ompany
depends on the accuracy with which the supply and usage ccnditions
can be estimated. In the early stages all the possible ways in

which supply and uszge can behave will have to be determined from
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analysis of past records. Experience during this project

o g

as demcnstrated that the collection of the necessary information
ts a long and compiicated procedure as things stand, Even the
collection of supply and usage information for time intervals

of one day took over two months of fuli time work to complete,

As it is the difficulty of getting access to available
information, rather than any lack of availsble information, which
seems to be the problem, it is recommended that provision be

mzde for the collection of supply and usage information, together
with any backsground informstion needed in preparing the data,

at a central pﬁint. The information should, of course, be
collected for the smallest possible time intervals so that the
more accurate model can be used (providing it can be validated.)
The collection of data at a central point is essential for the_

model and would involve = negligible amount of work.,

10.4 The Assembly Plant as a Unit,

The simulation model that has been develcped will review
ma jor component stocking policy for any one car range. Investment
in storage facilities will therefore be calculated for each car
range separately. But this is not very realistic. Firstly,
because car ranges are scmetimes built at both the bompany's
assembly plants, and secondly because it is most unlikely that
ceiling levels for stocks of major components of all car ranges
will be reached at the same time, and cengequently the Company
will be left with a large amount of spare storage capacity

most of the time., Any investment in storage facilities should
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10,5 Period of Review,

Investment in storage facilities for al) major eco=-ornents

used at one assembly plant will cozz 1o a very high fizvme, It

will probebly also be necessary to zcguire a site neer the
assembly plant for storage purseses. It is thopefore totally
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supply and usage of major components and the simulation medel
can be used to help determine optimum investment decisions.

The difference is that the period of review will have to be over
a much lenger peried, say five years or so, and all expected

~ supply/usage conditions for that period will have to be input
into the model, The cost of running the model for these
corporate planning decisions will be much higher, but it would

only be incurred once in & number of years.

At a lower level of decision making the standard pericd of
review will usually be tied to the length of any particular
preduction programme, and the purpose of the mcdel will be to
- find optimum ceiling levels for major components of zll car ranges

in the way that has been described in this thesis.
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The norsasl method of stocking for production mixz is to
stock zccording to demand. It is therafore possible to develop
a method of fixing option levels according to some kind of demand
ike Pareto. But the assumption wnderlying any such
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prodvce a car with a lower demand. It is a logleal aseumption,
but no proof for it exists. It was thersfore decided *o develon



the basis for a méthod of fixing option levels .which is more
closely tied to the costs involved in not being able to produce

a particular option,

The cost of not being able to produce an opticn can, to
some extent, be expressed in terms of the amount of time a
customer is prepzred to wait for his car. If he is prepared
to wait a long time there is little chance of the 'cost! of
losing him as a custemer being incurred if the particular car
he is waiting for cannot be built for the lack of a major
component cpbion., If he is not prepared to wait, however, this
cost will be incurred. The likelihood of a customer willing to
wait for a particular car opticn can be determinzd by the
relationship between the orde?s outstanding for that car and the
orders received for it in any time intervél. If the curve of
this relationship is elastic it can be concluded that customers
are not prepared to wait a long time, and if it is’inelastic it
can be ccncluded that customers are prepared to wait. It should
therefore be possible to fix option levels according to the
elasticity of the "“Waiting Time Cost! curve of the car(s)

containing the particular major component option.

Examples of elastic (4) and inelastic (B) waiting time cost
curves are shown in Appendix A1. Using the waiting time elasticity
of demand tc control stock levels of najor compenent options will

ensure that options used for cars with a low demand but high

A



sensitivity to waiting time will be stocked,

Some analysis of waiting time curves for all car opticns
in the ADO 16 range was carried out during this research project
and two of these curves appear in Appendices %2 and 43, Lack
of time, however, did not permit any further progress in this

direction.
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BN & FOR USING THE COMFUTER PRCCRAKS

The review proce dure i'or major compéﬂent stecking poelicy
in Chopter 10.2 involves tho use of 4we computer prog.rams. 1Phe
irst program builds up the cvimlative distributions of sunply
rom which evenits for the second program, the sim-
ulation prosram, are prenerated. Copies of both proprams that
ere contained in Aprendix B3, £11 the prozrapming has been
dene in Fortran IV, Neither of the nrosrame Is very conplex,

nor are they as efficient as they might be since the over-

H

iding congideration in the Programming i.as the relatively

mall core capacity of the comnuter boings usod, ixoept uhcre

f')

changes are recommended, ths rrogrens themselves will not o

i

discussed in this appendix.

THE FIRST PROGRAM

Instructions for Input.

The base supply and uszge information for the simulation
model is input into the first Program. The data pack for that
proiran currently contains cne control cazrd and data cards
containing the raw supply and usz age ¢ata already sorted into
data sets. A data set is defined as either usage figures ox
supvly figures for any one major component relating to a
specific preduction prograrze - i.e. supplies of body shells

auring the pexried when production Programme vas 449 per day,



Input instructions are as follows:

1) Prepare data - i.e. eliminate dependent datas;

2) Sort data into data setisj

3) Punch data onto cards, remembering that
(2) Only whole numbers may be used

- (b) At least one blank column must be left after each
number on any one card
(c) Each new data set must be started on a completely
new cardj; 75

4) Yhe order in which the numbers within each data set are
punched is not important, but for the program as present=-
ly written the data sets themselves must be placed in
the data pack in the following ord:» -

(a) Usage - Programme level A to D* respectively

(b) Body Supply - Programme level A to D respectively

(¢) Engine Supply - ¥ s ety S "

(d) Front Suspension Unit Supply - As for (a), (b) and (c)
(e) Rear " " Gl S N S X
* See Key on cover page of Appendix Bl;

Printouts of supply and usage data actually read into the

first prbgram can be found in Appendix B1.

5) A control card, or set of control cards, which contain
the number of values in each data set, ﬁust then be
punched in the same order as set out in 4) above. The
control card(s) must be the first card(s) in the data

pack.

The number of data sets to be input will always be the
nunber of major components being analysed plus one for usage,

times the number of programme levels involved. This figure



will obviously vary with both the number of major components
and the number of programme levels involved. At present
control of the total number of data sets %o be processed is
achieved by setting a progrem control variable, 144 (circled in
the copy of the program listing in appendix 33), gqual to

the required figure at the start of each program run. This
means that it is necessary to change a program source card each
time it is desired to process a different number of data sets.
This is unnecessary and can easily be changed. It is therefore
recommended that the total number of data sets to be processed
is read in from a data card, which will then become the first
card in the data pack. The necessary adjustment ﬁo the program

has been added to the program listing in Appendix B3,

Intervretation of Output.

The first program just does all the basic data processing
for the main simulation program. The two programs could
therefore be linked without much difficulty. They have been
kept separate so that a check on the cumulative distributions
built up by the first program is available. Results from the
first program are therefore output to both magnetic tape, as
an indirect link to the second program, andllineprinter, as
a visual check,

1) lMagnetic Tape: A cumulative distribution is built up for
each data set read into the program. These distributions
are defined in terms of data blocks, each containing
three segments as follows
(a) Ranked values

(b) Cunulative probabilities



(c) Number of values.

The data blocks are output to magnetic tape in the same
order as thelr respective data sets are read in. An
illustrated example of a data block, together with an
example of how the blccks are stored on magnetic tape,
is shown at the beginning of Appendix B2,

2) Lineprinter: The same data blocks are also output to the
lineprinter in the same order as they are written to
magnetic tape. Additionally the corresponding data sets
are printed out, exactly as they were read in from the
data cards, before each data block and the mean and
estimated standard deviation of each distribution are
printed out. A specimen printout of results from the

first program can be found in Appendix B2,

THE SsCOND PHROGRAM

Instructions for Input.

The data blocks describing the supply and usage dist-
ributions which are output to magnetic tape by the first
program are automatically input into the second program from
the same magnetic tape. Consequently no further instructions
regarding supply and usage information are necessary. Never-
theless the data pack for the second program is still quite
large because there are a number of different types of sgimul-
ation run that can be carried out during any major component

stocking review.



Operating instructions are given by listing below the

details of data cards that need to be punched in the order in

which they must be placed in the data pack,-

Order

Card

Run Type

Ceiling

Level

Cﬁrd
Type

Facility

Facility

Progranm
Variable

gSetting

KPvE

(Integer)

ITIME*

(Integer)

Extract Run = 0

Simulation of Extr-

acted Policies = 1

Simulation of Rest-
ricted Number of

Policies = 2

Ho Change = 0

Time Interval at
which Change in
Level is required

=1

* HB ITIME is als» the name of a time checking routine in

ICL Fortran. This has already caused some errors in

execution and it is therefore strongly recommended that

_— e e e e G m— e e s . S e e m—

—— — —

Munmber
of Sim-

ulation

Control

Ll e T et T S

1 to 4. The progran
can handle up to 4
 distributions, _ _
Must be > 0,
Maximum limit

depends on time

available.

e U —

—



Ordex
5

6

T

8

9

* NB At

Setting

Caxrd Program

Card Type Variable

Run Control YEARC

Length {Integer)

Number Control KPUNTC

of (Integer)

Policies

Humber Control M2

of Major (Integer)
. _Gompoments 1 .

Humber Contrpl M8

of Time (Integer)

Intervals

Data Control KZ

Block (Integer)

Indicator

present the program is

any multiple of a
kun Period. Usually
Number of policies
to be extracted -
for KPDE = 0; Ox

to be reviewed -

| for Kbk £ 0 _

1 to A

Number of time int-
ervals within any
single period of

P se b, CIOORNE S
Set in conjunction
with M5. For M5 <<
4, X2 = 1 or 2? For

1'15 ’=4’ KZ = 0-

designed to accommodate dual

level production programmes (e.g. 449/204 and 500/230 -

see Glossary). From the magnetic tape storage diagram in

Appendix B2 it can be seen that the relevant distribut-

ions are stored in positions 1 and 5, and 2 and 4

LR

pectively. Set KZ at 1 if the distributions stored in

positions 1 and 3 are not required, and at 2 if the

distiributions in positions 2 and 4 are not required. The



Card Program
Order Card Type Variable Setting

relevant Programming instructions are migsing from the

Program listing in Appendix B3, but they have been

~ — Inserted in the correct place by SeRdy O
10 Programmel Control LH1, LL1 The range of small
Limits LH2, 112 fluctuations in

IH3, LL3 Programme levels
(Integer) | must be set in
pairs (LH = high,
LL = low) for each
specified programme

(see T.4.4)%

* NB These limits ensure that events generated from the

correct distribution are attributed 1o Programme levels
which deviate slightly from the generalised level
specified. The three sets of limits must be set for the
first three programme levels in the same order as their
corresponding distributions s OoT data blocks, are stored
on magnetic tape. The last programme level is catered

for automatically, a11 limits must always be set. If M <

_--..._..——.._.___.—.-....__.__.

11 | Factory | Data Xy(12) One value for each
Floor (Integer) | major component.,
S o BIEEES e B E D86 Js2eB. .
12 Opening | Data STACX(M2) | One value for each
~——o—|-—S8tocks | | (Integer) | major_component. _
13 Programme| Data, P(K8) One value for each
- ——=ledevels | _ _ | (integer) |tine intervar, =



Card Program

Order Card Type Variable Setting
14 Ceiling | Data MAXHI, For Kf@DE = O: The
Levels MAXS, MaXC| highest and lowest

* N3

(Integer) | levels to be sim-
. ulated plus the
steps between then,

in that order.

MAX(M2) For KUDE # O: Either
(Integer) | the paper tape out-
put by the Extract
Program (sece under
1(b) of Interpretat-
ion of Output) must
be handed over with
the data pack and

no card(s) are in-
 serted (KgDm = 1).
Or card(s) contain=
ing all pclicies‘to
be reviewed must be

inserted (KgDE = 2)?

When EPDE = 2 each policy, congisting of a combination of
M2 ceiling levels, must be punched on a different card.
IL ITIME # 0 each policy must be defined by 2 ceiling
level combinations, also punched on different cards. In
this case the 2 cards defining the policy must be placed

together in the data pack in the order in which the

-—----—---.-_.—.-——._.--_.--—.—-._ﬂ_.-..—-_.—.-_—u-—--_.-—-—-—-—



Order

15

* §3 In

Card

Random
Humber

Seed

Card
Type

Data

Progran
Variable

Setting

RNS

(Real)

Any decimal number
.between .00001 and
+0001 under normal
circumstances. The
card should be
changed for each

new computer run.*

generating random numbers for simulation the progranm

is linked up to an ICL package. If this facility is not

available some program source instructions will have to

—

— e — — — e—— —

e - a— e e o —

Cost of

Holding

Cost of

Material

Cost of

Invest=

Facility

Capacity

L

—— — — o

— - — = -

PN A ll® e s g, — e e i

vC(12)
(Real)
DIV(12)

(Real)

i T T up—

ettt A —

One value for each

major component,

il i —

One value for each
major component,
One value for each

major component,




Each variable listed rust be runched on a separate card

or set of cards in addition to any specific instructions

already given. Once again a blank column must be left beiween

all the figures on'any one card,

Interpretation of Output,

The simulation Program outputs the six most relevant

results for assessing any major component stocking policy. A

specimen printout of these results is shown in Appendix B2,

The information it provides is, reading from left to right,

as follows:

()

(v)

(e)
(a)

Major component codes: 1 = Body Shells

2

3

Povwer Units

]

il

Front Suspension Units

4 = Kear Suspension Units;
Ceiling level combination. Hence the major component
stocking policy being analysed is alvays defined by
the first 2 columns on the printout;
Simulated average stocks per period;
Simulated average losses to.final assembly production
caused by shortages of each major component per
period;
Simulated average number of disruptions recorded at
each sub-assembly plant ver period;
Simulated tetal cost of the policys;
Simulated average total loss to final assembly

production caused by shortages of all major components

(wvhich will usually differ from the sum of (a));




(h) Simulated average nunber of disruptions recorded at

the final assenmbly plant.

the results listed abovée are output regardless of run

&
type (i.e. KPDE setting). But the method of output and
additicral output facilities will vary according to run type A
chosen cs.follows:
1)  kxtract Run (K@DE = 0)

(2) Lineprintew: Yhe resulte of the number of lowest cost

policies input var.able IfUNTC are

printed o r oxder of total cost. This
form of cuiput is merely & visusl check on the First
main stage of the whole stocking review (Chanter 10.2)
“he only information of any imporiznce to be output
from an Dxtract Hun are the extracied policies
themselves, which form part of the input into the
next stage of the review proceedure {Chapter 10.2 and
Input Instruction 14)

(b) Paper Pape: The transfer of data with respect to the
extracted pelicies frem run type 0 to run type 1 is
achieved by a second ocutput from the Exiract Ruﬁ to
raper tape in the same order as they are printed out.
The same paper tape is then used as input into the
next run. If a separate visual record of the extracted
policies alone is required the paper tape can be put
through a reader and printed out,; as has been done
for Appendices C4 and C5;

2) Simmlation of Fxtracted Policies (KfDE = 1): As presently
written the program will print out results for each

policy and for each simulation run. A vast amount of




3)

4)

- . . o el -y
printout would therefore accumulate as the result of a

modest number of runs. It is therefore necesszry to

(a2) Average the gimmiation results for each policy. A%
present a special routine zt the end of the vrogranm
averages the total costs of all the regnirsd runs

for esch policy. A specimen printout of the resulis
cbiained by the routine is shown in Appendix B2,
The limited core size of the computer being used
did not permit the averaging of all the ;esnlfs
without basic changes to the program. Fut if a

computer with larger coxr

1]

gize is used it is recomnm=-
end.d that the routine is expanded to cater for
the averaging of all required resulte ~

(b) Suppress the resulis from ezch individuel simulation

run. In the past this has been e by inserting s
special program cource card. Those insiructions are

not included in the program listing, and it is

recommended that a general output suppressicn

routine is added to the program;
Simulation of Restricted Number of Policies (KFDE = 2):
The same cutputl is obtained for this type of run a8 is
obtained for run type 1 (see above). ''he only difference
is that the number of policies to be simulated will be
far less, and failure to suppress printouts for each
separate run will resull in less superfluous prlnuout.
Finelly, for simulation runs where LfDEZ # O, it is
possible to get a full simulaticn listing for any policy

on the lineprinter. A specimen listing is contained in

0’-1

Appendix P2, The key to the column headings 3o as

follows:




PRYG = Daily production programme
/s = Opening stock
c/s = Closing stock

REC = Supply received

B = Body shells
E = Power units
¥S = Front'suspension units
RS = Rear suspension units

USAGE = NMajor component usage

LpSS = Loss to final assembly production

CHDE = Major component shortage responsible for the
loss

At present this facility is limited to the first simulat-

ion run only. But if a large number of policies are being

simulated, full simulation listings, even for just one

run, will again result in a great deal of unwanted

printout. It is therefore recommended that a general

output suppression routine for the simulation listings

| is also added to the program.
GENERAL

A general word of warning needs to be dddéd in concluding
this appendix. Both programs have beeun written specifically
for the ICL 1905 computer at the University of Aston in
Birmingham, Consequently certain ICL packages and conventions
have been used. If the programs are to be used on other

installations great care must be taken to discover what chan-

ges need to be made,




AFPENDIX - B1

PRINTOUTS OF SUPPLY AND USAGE DATA -

In the first computer Program supply and usage is read
into arrays of 150 elements each, In the printouts in
this appendix the whole array has been printed out.

Consequently all the zeros which appear after the last
value in each array refer to empty array elements and

are not zero values of supply or usage.

A = Data collected for specified 449 programme level

B = o " " n 500 " "
e n " n 204 " "

D = " " n " 2 30 " "
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DATA BLOCKS STORED ON MAGHETIC TAPE

USAGE

SUPPLY

1)Programme Level 449

2)Programme Level 500

3)Progranme Level 204

F&)Programme“LevelwaiQ_
1)

DV

Bl asawse

BODY SHELLS

-_.'4.)..?_2_._ oS00

1)ssvesse

2l sensne

2 P

POWER UNITS

LD 0® 00

1)sssiee

B cinavn

3)esssen

A ) ensen

S FROHT SUSPENSION UNITS

5 P

2)svieen

F)esieon

4)....-.

lS REAR SUSPENSION UNITS

Example of a data

A Data Elock

block describing a distribution,

RANKED VALUES

NUMBER OF

CUMULATIVE PROBABILITIES VALUES
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pr AN COGMPILATION BY #MEAE My 4y DATE 23710771 TIME 047062714

LIST(LP)

SEND TO (ED,ASTDLDEFAULT(A))

VORK(ED,WORK Fllg s s

FROGRAN(pDHO2)

COMPRESS IETEGERIQNH LOGICAL -

INPUT S=¢R0O

QUTRUT a&=LPD .

QUTPUT 7=MT0/ (STOREDPUPDATE)

NO TRACE : :

END A U, | : ] Al =L

FIRST COMFUTER PROIRAL




i T

10

n

MASTER(LEDENISTSY

"J|."L_.";I'-I? kﬂ'(|_)

5 Yo CUENDEM(15G) 311(50)
FRTFGER RR(150).2PF(156),%P2(150)
REAL NOMEIS0):NA(IS50) yMEA

(P4220 )= = = = = = = = e S S R e
x0=45
READCS p 100 (MCI), I=q, M6y

FORBAT(2501 )
ME AND M9 ARE SPARE INTEGERS
M1z (KU+1) '

DO 1¢8 T=1,1580.
CUppOm{y=0
Spi(1)=n

Sp2¢y)=0 s
cEﬁn(5a100)(PR(luaI 1.%1)
Dp 101 T=21,14
SPTcI)=RR(TY
LRITE(6,898)8P)

TFC(KG+1)=8)104,104,0
TECCKO*1) (Ea, 1T, 0R.(KO+1),.E0,%2)60 70 110
1flergry), %0.15.0R.<xu*1).F0.1a)GU T0 110
TROOKO+9)  E0,19.0R, (KG+1).60,20)60 TO 110
DC 107 I=1,11

SP1¢I)=8p1(yy)=60 !

TF(SPICIY=030,0,107

SP1¢IY=0

CONTINUE

60 7O 104

D0 111 T=1.84

SP1¢I)=8p1(1)~30

TF(SP{(1)=0)0r00111

SPac1)=p

CONTINUE

.SP§ AND SP2 ARE

1
0R

Sp2ri)=spily)
sM=cp2 (1)

p0 105 z=1,m1
bn 106 L=1,H
Ir(?Pd(LJ-SM)D;U,105
SHM=apZ(L) 2
1-5”=|_

CONTINUF
SPYi¢1)=5pM
SP2rH0)Y=400000CD
Sh=44d0000

EEL»PﬁTF CUM, PPARARILITY NISTRIRUTIONS

Fal
LYS ]

11Q
=5piCd+1)346,0

Mehy=4

D em mmn o i v v s emms e v wes s i e

SPARE INTEGER ARRAYS.

Special routine
to accommodate
data problem
specified in 2nd

paragraph of T7.4,1

— — — — — t— — — —




ERD

651

su
&3

oLl

25

9

OF SEGMENT,

E201) =0
At =08.0

PO 610 1=22,N
NAM(I)=NOM(1=1)
SP2¢1)=spi(ral)
00 A20 1=1.N
NUNM(I)snAMOD)
SP1¢II=8P2()
RCH1)=0,0

po &30 I—Z.M A
ROM(I) =(n 0“(1)!?1)w09.0
GO TO 640D

PG 23 I=9,N

ROMCI) =(NCI(T)/Madvco, o
['U”"l:'f"(‘ )-pr\“{ 1)

gl bt S

CoMNbh (Y= Cu“hO?(T 1)+POMC(])

WPITE(€&,298)yS5P1
FORMAT(24516)
WRITE(E,298) CUMNQOHM
FORPAT(20F6, 2)

sEAN=(,0 A

UﬁR-h.U _

O 27 1=%:H4
mEAR=MEAN+(NOM(TIY*SPYI ()
VAF:V}‘-P"'(NOH(i)*QP'] 1)+~

SD=gakT(VAR)Y :

WRITE(G6,29)MEAN, D, N
FORMAT (1RO 10XeF1C.3,10%,F10.,3:14) -
LRITE(7) N

WRITEC(7) (SPqa(I),1=9,%)
WRITECZYCOURpEUMOT) v 131 00))
Kd=w(+1

1F(v0=-14Y103, C.ﬂ

EHDFILE 7

S70p

END

LFHGTH 741, NAME  HNOMM



OM BY #RAFAT MK 4C

LISTCLR)

SEHD TO (ED,ASTOD~DEEFAULT(0))
WORK(ED,WORK FILE (0))
LIBRARY(SURGROUPSRE?)
LICRARY(SUBGROUPFSCE)
pROGRAM(JCS2)

cOMPRESS INTEGER AND LOGICAL
tNPUT 4=TRO

INPUT S=CROQ

aUTPUT 63LPO

tNPUT 7=MTOQ/(UPDATEDTORED)
oUTpUT 2=7TP0

NO TRACE

END

DATE . 15/12/71

TIME

SECOND COMPUTER PROGRAIL

00f53;35



(

1
2

MASTERCINTERACT)

BIMENSION LOSS{250) JMAX(L) ;0 (L) ,MMCL) MACL)Y ,ASCL) 1ASZC160¢4
YeLC(2350) .S CAY , DIVCLY, TC(L) ,CHLA) , CmNOM(i6n) ,CO5TCL) ,TCOSTZ(160)
THTEGER RBUZ250,4)sRE{250.4),RTF(250,4) RTR{250,4),U¢250,4)/,R0(250
40002500 ,P(250),08(250,46),aV(4),C8¢250,4),8p1(250)

LSP2(250) XYL4) ,STOCKLL) s TLOCL) »TLR(4) ;YEAR, YEARCDN,DD,PROG

cALL WORKFILE(S,2HED,15000)

4
0
Hi

——

e 2
-

Ll -

cALL WORKFILE(3,2HED,1000)

cAlL WORKFILE(2,2HED,1000)

aS=0

pEADCS,100IKODELITINE)= = = = = = = Change variable name.
READ(5,100)M5,NSC,)YEARC, KOUNTC,M2,M8,KZsLHY, LLY,LH2,LL2,LH3,LL3
» CRY (1) 2 121,M2) ,(STOOKCT) p1=1,M2),(P(1)r1=9,MB).

rORMAT(100010) :

3 LARGE A REPEAT COUNT INTENDED AT AROUT COLuUMN 18, LINE 0023

1 F(x0DE~1)0,800,800

nEAD(S,100)MAXHY ,MAxS,HAXC

60 70 801 :

g¥1=1

iF(KODE~1)0,0,802

n0 803 I=1,K0UNTC

_9_550(43190)("1AX(J31J=1|'”2)

eALL PUTARRAY(3,KY1,MAX)

cONTINUE

60 T0 801

RO 99 1=1,K0UNTC#»2

2EAD(5,100) (MAX(J) »da1,M2)

cALL PUTARRAY(3,¥Y1,MAX)

CONTINUE

READ(S,10)RHS
gEADCS,T0)R,CO8,€CCT),1=1,M2),(TCCI), 12T, M), CDIV(T),121,M2)
EORAMAT(250F0,0) :

8 LARGE A REPEAT COUNT INTENDED AT ABOUT COLUMN 15, LINE 0045

vYa=1

n0 20 1=1,X0UNTC
3P2(¢1)=0

cALL PUTARRAY(Z,KY2,5P2)
meéamMSw (M2+1)

p0 11 J=1,M2

el (J)=CCJ) %R

¥0=0

¢0UNT=0

w'isd

vYi=9

¥¥2=1

vEAR=D

p0d 1190 K=i,M2

22ADCTY) (W) v
pEAD(7I(SP1 ()11, N0)
eEADCT I CCUNMNORITY s lI=1 1)

e T S e ) e e (o IF(K.EQ.KZ.0R.K.EQ.(KZ+2))GO TO ID

3

Tl -

ISHFPHMCRVIRNSI*T0D
1F(15~0)58,5&,0
IFLCKOMT Y= ({M523)233,33,0
O 31 J=q,.HN

DONTINUE

F2eIdy=8P1¢J)

0 10 50
FIS~CUMNOM(9))52,0,5
P2L12=5P111)

0 10 S0

i
el
5
fs

tad

j
g
e

e —— e =AMk ks . o



23 b 51 Jd=2.8°
TFCCUMNOM())I~15)0;:52,56
51 cOHTINUE
52 §P2(¢1)=SP1(J)
a0 10 50
54 gpzci)=((IsncUMNGM(Jn1J:/(CUHN0M¢J)uCUMM0Han1)JJ*(SD1(J)~3P1(J-ﬂ
1’+SP1 (:""1:
50 cONTIHNUE
RUS=RNS+0,0003
17(RNS=0)22,22,0 .
1F(RNS=0,50)21,0,21
22 pNS=0.02
21 g0zg0+1
TF(K0~M5)60,60,0
IF(KO-(HS*E))61;61r0
1F(K0-<N5*3))62p62:0
gF(zo-(M5*6)363;63,0
p0 76 1=1,M8
76 RTR(1,K)=SP2(1)
¢0 70 110
60 p0 ©70 1=1,M8
270 ufl,K)=5p2(1)
60 70 110
61 p0 70 1=1,M8
70 »B(1,K)=8p2(1)
60 70 110
62 p0 72 1=1,M8
72 RECTI,K)=8SP2(1)
&0 TO 110
63 n0 74 1=1,M8
76 aTF(1,K)a8pP2(1)
110 pONTINUE
TF(KO=M4)101,0,0
J 121
Je=1
J3=1
EEL
p0 200 I=1,M8
1F(P(IJ.LE.LH1.AND.P(IJ.GE.LL1360 To 910
rF{P(I).LE.LHZ.AND.P{I).GE.LLE)GO TO0 911
IF(D(I).LE.LHS.ﬁND.p(I).GE.LL3)GD‘TO 912
20C1,1)=RB(J4,4)
20C1,2)=RECIG,4)
Dn(r a3)=RTF(J‘!&f&'})
QO{I;A)HRTR{J434)
o {1d=Uldé,4)
Jéa 4w
a0 70 200
910 #0<(1,1)=2R8¢J
p0{1,2)=rE¢J
&§0¢C1,3)=RTF(
20C1.4)=RTR(
U0 (1)=U(J49 .1
Jizg1+1
60 10 200
911 ;J(I.1)m?9fJ2;E)
R0(1,2)=06¢42,2)
n0Ct,3)=aTF¢J2,2)
ROC:,4)=R0TR(J2,2)
Ul {1d=lCy2,2)
J251241
a0 vo 200
912 ©0(1,1)=88¢43,3)
80(1,2)7RECIZ,;3)
50(1p3}=ﬁ7§(J3;33

60(1,4)7RTR(J3,3)

[t



200

4901
400

250

-l
~nN

15

200

260

270

601

HYULTI2=SULI3,3)

332431

COHTINUE

gALL PUTARRAY(B,KY,R0)
cALL PUTARRAY(3,KY,u0)
VEAR=YEAR+1
1F(YEAR=YEAREC) 0,401,401

#0=0
nEUIND 7
c¢0 T0 101

{F(KODE~1)400,0,0
cALL GETARRAY{(Z2,KY2,8P2)
p0 250 J=1,M2
pSC1,J4)=8STOCK({S)
MM(Y)=0

s(J)=0.0

vLC ¢J)=0
ASCU)=0.0

MN=0

L1220

vyEAR=0

kY=1

n0 14 I=1,M8
LCC1)=0
1F(KODE~13840,0,0

"CALL GETARRAY(3S,KY1,MAX)

cALIL GETARRAY(&,KY,R0)
cALL GETARRAY(8,KY,UQ)
80 45 J=21.M2

p0 15 1=1,M8
RBC1,d)=R0(1,4)
aP1(1)Y=U0(1)

p0 330 1=1,M8
{FOI=-ITIMEXCQ0,0,900
cALL GTTARRAY(3,XY1,MAX)
1FO(YEAR®T)=YEARC) 0,900,900
kY ek¥lirM2e2

n0 300 J=1,u2
TFCOSCT ) =MMAX(I))300:0/0
n0(1,J4)=0

cONTIMUE

80 260 J=1,M2
AV(II=08(1,J)+ROCI,J) -
MINAV=AV(1)

pn0 270 Jad,m2
1FCAV(S)~MINAVIO,.0,270
MINAVZAV L)

Ji=y

CONTINUE
TFCUQC1I=030,0,401
tCC1y=0

0 TO 320 B
1FCPCI)=MINAYIOD,0,:,371
1L0SS(I)=0

1.CC1Y=0
tFCUOCI)=MINAYYI3Z20,372,:372
15CpC1)~UD(1330,902,102
(0SS d=p(l)=HINAY

0 10 103
1FCUOCIS-MINAYIZ20,320,0
10838(1)=U0(i}=MINAY
1CC1)=d1

2LC I )=TLECUT)+1L088¢1).

2 y0(1)=1iNAY

PO 330 J=T.M
€3(i,d3=8V () ~U0{1)

- = B e S



'yﬁinotl.JJunacx.u:>o 395,395
MHCII=MMCY) +19 :

395 e(J)rG(J)+C¢(I;J}

330 aS(1¢1,d)=C3(1,4)
po0 220 1=1,M3
L1=SL1+L055¢1)
1FCUOCT) ™ mSP1¢1))0:+3%0,390
aN=NN+1

320 pONTINUE
L=L1/(YEAR+1)
THASHN/(YEAR®Y)
p0 500 J=1,M2
BSCJI=8CI)/ (MBE(YEAR®T))
MXCI)=MMCI) 7 CYEAR®T)
FLX(d)=TLCCI)/CYEARST)
IF{HAX(J)HHY{J})515.515;0
gDST(J)ﬂ((MAK(J)wa(J)J 0
60 79 500

815 POST(JI)=ASCJYwCL ()

500 pONTINUE
vC0sT=0,90
p0 516 J=1,M2

596 7C08T=TCOST+CO5TLY)
YCOST=TC05T+L»COS
YEAR=YEAR*1
IF(YEAR=YEARC] 0;13 13
p0 20 J=1,H2

20 mnS(1, JIeCS({MB,J)
60 Y0 42 :

13 gOUNT=KOUNT=1

TF(VO“P“B)aiufn 810

IVOIII#7CCI+AS(d) et d)



18
529

549

539

5 4 1
&5

16

U5

17

TF(¥OUNT=KOUNTC)YOD,D,520
MO=KOUNT

e T8 545
1F(*00S7=H1%0,525,525

nO 535 d=1,m2

STEINDO, I)Y=MAX(J)
aSZ(QU-J)=AS(J)
PTR(NO-JI=TLXC)
DECHD I Y=HM( )
rUMNOMOND)=TCOST
ui{Nn,2)=2

Y0 3)=nN
TF(LOUNT=KOUNTC)B25,0,0
HI=rUMNOM(T)

nO 8419 k=1vr0UNTG
TROCUMNOM(K)=HIYS41,0,0 .
H1=CUMNUMCK)

0=z«

CONTrINUE

MAX (4)=MAX(LY=MAXS
TEOHAX LAY =MAXCYO 400,400
MAX(L) =MAXH]
MAXIZIIMAX(3)=MAXS
(FIMAXC3)Y=MAXC)O, 400,400
MAX (3 )=MAXHIT

WAL SMAKK]

MAY (2)=raAX(2)~MAXS
TEOMAX(2)=MAXCY 0,400,400
MAX(2)=MAXHI

AL IRYSIEAXHTY

MAX ra)=MAXHY

MAX 1) =HMAX {1 ) =fAAXS
TE(MAX (1) =MAXCIO0,400,400
n(l 14 Jd=1,M42
MAX(1)=1HAXHY
HI=cuMuOM (1)

nO S40 T=1.KO0UNTC

nO 542 X=1.,KOQUNTC
TFCCUMNOM(KY=HIYB42,0,0
HI=cUuMNOM(K)

0=y

FONTINUE

TCOSY2(1)=H]

1EY,1)=H0
PUMNDMINO0)==1000000
Hi==1000000

nO 17 1=1,¥0UNTD

WRITE(O,1008) (RTRCUCT 1) ,4),0=1,M2)

cORMAT (41107) ‘

UHTT?{6-35@)(J;RTFFUFI-TJ:J?:ASZ(U(
1.J3,t:?.ME);TCUSTZ{I)rUfU(Ip1?-2);U

rUNTIHNUF

uS=na+1

1o1) e d) ,RTRCUCT, 1) 44

R 1088 &

+RECUCT )



a0 1O 820

0 WRITE(6:1350) (s MAKC) 1 AS () fTLECI) s M) 00z ,M2) $ TCOST . Lo NK

0 Foﬁ“AT(1”0f2(1):6Xa13HHﬁXIMUM $T0CK,A X 13HAVERAGE STOCK.6K:11HL035
4 CAUSED!&X;2HMH:6XpﬁHCGST;6%;1GHTOTAL LDSR,ﬁx.annféx:13(1H=>aﬁx.
2ﬁ3iﬁﬂ=>;éx,ﬁ1(1ﬁz>,62.2(1Hu>,6x,a(1n=),6xaq0<1ﬂ=),62,2(1Hn)fhillzx
3,13;QX;15:13KrF6:UJ13XJIﬁlﬁﬁ;lé);13:?9-0111Xr1514311ﬁ)

TF(NS“130a902;902

)3 URiTE(6r340)(P(I)f(OSCIfJ)pﬂO(Z:J)!CS(!lJ);J“1JH271U0(1)rLOSB(I)I
A1CC1) 121,M3) :

0 ﬁURHﬂ?(1H1f}EK,&HPROG;ER,SHO!S B3,2%,5HREC B,24X,5HC/S B,EK:EHOfs G
12X, SHREC £,2X,9HC/8 Es2X,0H0/5 £, 2%, 6HREL £, 2X6HC/S FS12X,
25HO/S RS )24, 6HREC RS,2X,6HC/S RSpZX,SHUSAGE.EK;AHLOSSr2X.¢HCODE/
323:4(1H=)n2X15t1H=)aEXJ5(1H=)aZXrS(ﬁﬂz)I2215f1ﬂa)!2X15(1H3)izx’
45(1H=);2x;6<1H=);2X;6{1Hu>.2!:6(1Ha)-23f6(1ﬂ=)rEHaétﬁH=)s2H;6(1H=’
5,2x,5(1ﬂ=>;2x;4(1“=)rzxr4(1“:3ff1250(23!1&13K114:3x;[4J3X!Iﬁp3Xr
616lBX;IﬁaSX:T&l&X!Iﬁ:ﬁK:Iﬁ:&X:lknﬁxclﬁrﬁx'lﬁa&X!Ih:32:1412Xrlﬁl
7oXa14/)) :

TH13 LARGE A REPEAT COUNT INTENDED AT ABOUT COLUMN 41 LINE 0252

02 SPZ(KOUNT)QSP2{KOUNT)+L
1F(KOUNT=KOURTE)400,0,0
kY2=1
cALL PUTARRAY(2,KY2,5P2)
NS=NS+1
IF(HS"NSC)O:&"‘P"”&
nEUIND 7
a0 TO 443

14 uz¥2=1
eAlL GET&HR&Y(Z:KVE!SPZ)
50 91 1=1,KOUNTC

97 gr2(i)=Sp2(1)/NSC
Y=
50 92 1=21,KDUNTC
cALL GETARRAY (3, KY1,MAK)
UQITE{6-93)(HﬁK(d):J:1aM2)

93 ﬁORHAT(1HU:ﬁUK!4!10]
URITE(H,84)5P2(1)

94 £0RMATCIO0X,110)
wYi=KY1+M2

G2 tONTINVE
2C TO 814

20 usS=1s+1 :
PEiNG=NSCI0,;814,814
a=UIND 7
60 TO 643

814 sT79p

END

=NGTH 1501 NAME NONW « QCMMENTS

L4



AFPENDIYX - Cf

AlALYSTS OF ADC 16 FCUR DCCR BODY SHELL STCCKS, LGNGBRITGE 1962/69,

WEEK o, CPENING WEEK Ko, CRENING
STCCK STCOK,,
1) /4! 27 112
2 28 149
3 485 o 17
4 449 30 -
5 410 31 455
6 183 32 613
7 RIS - 33 772
8 167 34 504
9 262 35 560
10 274 36 194
11 415 . 37 335
12 558 38 258
13 624 39 180
14 613 40 321
15 529 41 319
16 442 : 42 320
17 =57 43) EOLIDAYS
18 23 44,)
19 18 45 63
20 118 46 161
21 309 47 399
22 190 48 523
23 328 49 623
24 158 5 468
25 113 BiE 470
26 198 52 ECLIDAYS
524 746

1 /A = Pigures Wot Available.
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APPENDIY C

LIST CF CCST INRFCRMATICH

Cost of ¥eotzris]l and labour,

Body shell (D0 16 four deor) £80-55"
Power wnit (1100/1300) £100-57%
Front Susgpension units £22-74 per pair3
Rear Suspension units £12-72 per pair

Weighted average of the ccsts of materizal and labour from
West Works znd PSF,.

Weighted average of the costs of all relevant power units.

Weighted average of the costs of manual and aubtomatic units.

Trailer and Pallet Capaeitiss,

For body shells Trailer capacity — 6
For power units Trailer capacity 26 (on trolleys)
OR Trailer capacity 96 (in pallets
holding 4)
For suspension units Trailer capacity - 180 prs. (in pallets

holding 15 singles each.)
OR Trailer capacity — 300 prs. (in pallets
holding 15 singles each.)

: ‘ *
Cost of Trailers and Accessories,

For body shells £1250

For power units £1400 plus £468 for trolleys
QR  £2200 plus £720 for pallets

For suspensicn units £1€00 plus £132 for pallets

OR  £2200 plus £/40 for pallets:

The cost of trailers used for the model include trolley or pallet

costs vhere gpplicable.



APPENDIY - G3

PIICT TZSTS FOR EXTRACT PCUTINS

In order to establish some relationship between the ranking

of policies according to #inimum ccst in any one run and the

bottom area of the true total cost curves, pilot tests were carried _

out in which 81 policies were simulated over the optimwn run length
five times. The best 30 policies from each run were extracted
and the top 10 policies of each run were then analysed with respect
to their ranking in othep runs, This was carried out for both the
449 /204, prcgramme level and the 500/230 level. The results of

these tests were as follows:

Programme Lavels 4L29/204

Run Ho, Policy, Ranking, Banking in other Runs,
= 5 2 a3 4 2
1000/1500/1500/2000" 1 6 12 23 7
1000/2000/1500/2000 2 5 3 2 4
1000/1500/2000/2000 3 11 15 27 3
1000/1500/1000,/2000 4 - 19 - 24
11000/2000/2000,/2000 5 2 5 4 8
1000/1500/1500/15C0 6 4 29 24 14
1000/2000,/1000,/2000 7 . oy 10 -
1000/1500/2000/1500 8 9 30 29 1
1000/2000/1500/1500 9 3 8 1 2
15C0/1500/1500/2000 10 18 10 1 27

1 The ceiling levels for Body Shells, Power Units, Front Suspengion

Units and Rear Suspensicn Units are always given in that order for

each policy.




AFPEIDIX ~ €3 (Cont'd)

Prozramme Levels A49/204

Run FNo, Policy. Ranking, Ranking in other Runs,
Run Ko,

2 i 3 4 2
1000/20C0/2000/1500 1 11 1 3 5
1000/2008/2000/2C00 2 5 5 4 8
1000/2000,/1500/150G 3 9 8 1 2
1000/1500/1500/1500 4 RS R T
1000/2000/1500/2600 5 2 3 2 b
10C0/1500/1500/2000 6 1 12 23 17
1500/2000/1500/1500 7 20 9 i 10
1500/20C0/1500/2000 8 14, 2 g 11
1000/1500/2000/1500 9 8 30 29 1
1000/2000/2000/1000 10 - - - 7

2 2un No,

SR A 2
1000/2000/1000/2000 1 7 - 10 -
1500/200C,/1500/2000 2 14 8 8 11
1000/2000/1500/2000 3 2 5 2 4
1500/2000/2000/2000 4 16 13 6 9
1000/2000/2000/2000 5 5 2 L 8
1500/2000/1C00/2000 6 22 - 15 -
100C/200¢,"1600/1500 7 17 - 9 22
1000/2000/1500/1500 8 9 3 1 2
11500/2000/1500,/1500 9 20 7 (Rt
1500/1500,/1500/2000 10 10 - 18 11 27




AEPENDIX — €3 (Cont'd)

Progrzrmme Ievels £4Q/20L4

Run Mo, Policy Ranking, Ranline in other Rung,
Run llo,

4 e G L ST
100C/2000/1500/1500 1 9 3 8 2
1000/2000/1500/2000 2 2 5 3 4
1000,/2000/2000/15C0 3 11 1 11 5
1000/2000,/2000,/2000 4 5 2 5 8
1500/2000/2000/1500 5 21 120 13 6
1500,/2000/2000/2000 6 16 13 4 9
1500/2000/1500/1500 g 20 REE
1500/2000/15C0/2000 8 14 2 11
1000/2000/1000/1500 9 17 - 7 22
1000/2000/10C0/2000 10 7 - 1 -

Bun No,

5 B IR T

: 1000/1500/2000/1500 1 8 9 30 29
1000/2000/15C0/1500 2 9 3 8 1
1000/1500/2000/2000 3 3 1 15 27
1000/2000/1500/2000 4 2 5 3 2
1000,/2000/2000/1500 5 11 1 11 3
1500/2000/2000/1500 6 20 % 12 13 6
1000/2000,/2000,/1C00 T - 10 - -
1000/2000/2000,/2000 8 5 2 5 4
1500/2000/2000,/2000 9 16 13 Ty S
1500/2000/15C0/15G0 10 2 7 9 7



APPZITIX — 63 (Cont'd)

Procramme Level: 500/230

&)

= 5
4
o

o

Policy,

1500/1000/1C00/2000
1500/1000/1500/2000
1500/1000/2000/2000
2000/1000/1C00/2C00
2000/1000/1500/2000
2000/1000/1500/1500
1500/1500/1C00/2000
2000/1000/2000/2000
1500/1000/1500/1500
2000/1000/1000/1500

15C0/1000/2000/1500
1500/1€00/2000/2000
1500,/1000/1500/1500
1500/1000/1500/20C0
2000/1000/2000,/1500
2000/1€00/2000/2000
1500/1000/2000/1000
1500/1500/2000/1500
1500/1500/2000/20C0
2000/1000/15C0/1500

Ranking

O 0 00 1 oW &~ W =

=

O Vv 0 3 0w P W =

—

Rar

nkins in other Ru

Run Yo,
= &
19 5
5 8
2010
17 2
1 4
2 2
8 -3
3 7
9 9
- 1
Run Mo,
i L
25 11
127590
9 9
5 8
10 6
3 T
- 29
16 26



e3. (Cont'd)

Programme Levels 500/230

Run Mo, Policy Ranking, Rankine in otner Buhs,
‘ Run llo,
3 1 2 L o
‘ 2000/1000/1500,/2000 1 5 12 4 9
2000/1000/1500/1500 2 6 10 3 -
2000/1000/2000,/2000 3 8 6 7 13
2000/1500/1500/2000 4 23 26 17 14
1500/1000/1500/2000 5 2 4 8 1
2000/1500/2000/2000 6 27 15 22 17
2000/1500/1500/1500 7 24 22 18 -
1500/1500/1C00/2000 8 7 - 21 12
1500/1000/1500/1500 9 9 3 9 29
2000/1000/2000/1500 10 1" 5 6 -
Run Mo
L 1 2 3 @
2000/1000/1000/1500 1 10 - - -
2000/1000/1000/2000 2 % - 17 20
2000/1C00/1500/1500 3 6 10 2 -
2000/1C00/1500,/2000 4 5 12 1 9
1500/1000/1C00/2000 5 1 - 19 6
2000/1000/2000/1500 6 11 5 10 -
2000/1000/2000,/2000 7 8 6 3 13
1500/1000/1500/2000 8 2 4 5 1
1500/1000/15C0/1500 9 9 3 9 29
1500/1C00/2000,/2000 10 3 2 12 3



Prograg Isvels  A00/220
- —— L R T L TR
By Mo Polizw, Jonkine Rariine in otihes Hias
Ty Tl
Skt ikl -
y 1 - o} 4
. i L 2 £
Er £ Tl fa e f‘ﬁ(\ﬁ - z o
1500/100C/15C0/2000 i -2 A 5 e
4 E el a0 I alaln = o - e do!
i)Ou/ibu'\.'/ I,-..C'/ 2000 A 14 o P &3
sonioontqon -"g}’ G070 - - - - 19 “n
1500,1000,/2C00 3 2 2 i i
A e - Ny / falate i om -~ .,_- 1 Fd ~7
1500/1500/2000/2005 A 15 g 16 26
P _,\n ,f, e e o e
1 }‘r I 4 : ._:"_:: A 5 I? . o 15
i, P = -
1500/1000/1000/2000 6 i - 2 5
- e S Faia . Lo e e -~ ~ - ~
1600/1000/2000/2000 7 z2 16 - 20
4 A\‘. -~
2 13 4 = =
- -
G fr [ 1 Z,,
- A -
10 19 - 11 12
In erder to obtsin some mesgure of how good un snpreximeticn

to the policies at the boticnm of ihe true total cost curve the ton
ten policies of any onz run wers, the mean number of policiss out
of the best ten of any one run that appeured amongst the top ten
of any of the other runs was calculated. The higher this averzge
is, tbe closer the top ten policies of any run will be to the

true best ten policies. The five runs yielded 20 semples and the
results showed that tiere wag a 975 confidence of moans of 4 and
5 (£ programme levels of 500/220 and 449/204, respectively), or
higher, occwr®ing. This was considered to be accurate encugh for

the esperimentsl work, =ad so it wes decided to extract the bost

10/81, or 1217 policies from the first simulation of the full

“‘S

veview to be ecarried out.
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APPEIDIX
c4

§$99KING PCP%%H MEAN TOTAL CCST(i's)

Bodies; Power Units;l"l}: ')sj;]usps; Rzl‘?usuusp. B4
1404y 2000 I 50U 1500 286729
Programme
1250 1250 1750 1750 293862 Level: 449/204
1250 1250 1500 2000 291651
1000 1751 1750 1500 291197 .
1250 1250 1250 2000 295200
1000 2000 1500 1250 298866
1000 fe 1250 2000 1750 302537
1000 2000 1250 1250 301127
1000 1500 2000 1500 297766
1250 2000 1250 1750 274429 (8th Position)
1000 2000 1250 IS ED 287122
1250 1250 1500 1750 293471
1000 ' 1250 1750 2000 296895
1250 2000 2000 2000 280363
1250 1500 1250 1500 291492
1000 1750 1500 1500 283248
1251 2000 2000 1750 27545§ (10th Fosition)
1000 1250 ;750 1750 301322
1250 1750 1250 1750 280113
1000 1500 1750 1500 297019
1uén 1750 1500 1250 302762
1000 1750 1250 1250 303774
1250 2000 1750 2000 271614 (2nd Position)
1250 1750 2000 2000 296905
1000 1750 1250 1500 291308
1000 1250 1500 2000 297855
1000 2000 1000 2000 288694
1250 1750 2000 1750 270563 (1st Position)
1250 200190 1250 2000 273039 (4th Position)
fasg 2001 1751 1750 273710 (6th Position)
1250 2000 15010 2n0o 271681 (3rd Position)
1000 12510) 1500 1750 301158 .
1oy 1500 1500 15040 297216
1250 1750 1750 2000 274263 (7th Position)

TR i UE—- |



|
\
[ T —

1250 1500 2000 2001 SE cosT(£'s)
APPENDIX  spoCKING POLICY ; 262165
c cont1a)! "5y I15uu 1250 1750 283674 Programme
' 1000 1500 1500 1250 306752 Level: 449/204
1250 2000 . 1530 1750 273291 (5th Position)
1000 1250 1250 1750 302114
1ﬁuu 1500 1250 1250 309427
1000 1500 1250 1500 297693
1250 1500 2000 1750 284999
1250 1750 1250 2000 277631
1250 1750 1750 . 1750 277149
1250 1759 1500 2000 275071 (9th Position)
1000 1750 1000 .« 2000 293776
1250 1500 1750 2000 280495
1250 17510 1500 1750 277382
1000 2001 2900 200U 278040
1250 1504 1250 2000 282704
1250 15010 1750 1150 283301 i
1250 1501 1500 2000 281232 i
1009 1500 1000 2000 297100 i
1000 2041 2000 1754 280210 :
1255 1563 1500 1750 283269
1007 1750 2000 2000 282627
BT 2000 1750 2000 276345
1001 1750 2000 1750 285247
1000 2000 1750 1750 278665
1000 1750 1750 2000 281241
1000 1500 2000 2000 288468
1000 2000 1500 2000 276807
1000 2000 1250 2000 278575
1000 1750 1750 1750 283897
1000 1500 2000 1750 292263
1019 2000 1500 1750 278370
1600 1530 1751 2000 287130
1000 1750 1500 2000 281122
1000 2090 1250 X1750 280383
10 1759 1250 2000 281063 ! e |

-
q
LR
i
H
i
o i
5 H
)

=N




4 APYENDIX
| c4 (Contld), qyy
' 100
{ 5 250
| | RTRLRI]
! 1000
: 1000
{ _
i IUI]i!
{

E

“gogpmo zopgy

1750

175i

1500

1500

1500

1501

17510

1500

12510

1500

1251

1500

1254

¢

i

2000

2000

1750

1750

MEAN TOTAL COST(£'s)

291011
283485

284403
287280
288090
291835
290751

Programme
Level: 449/204

B sodei bt
i R o i
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AFFENDIX

¢S

2000

1251

1000

1250

1750

1750

2000

1590

1250

1250

1500

1500

2000

1750

1000

2000

1750

1750

‘1250

2000
1750
1250
1500
1500
2000
1750
2000
2000
2000
1250

1250

1600
SYOCKIRG POLICIES
1754 1254

1250
I25d
1250
1250
1000
1000
1250
1250

1000

1500
1250
1250
1000
1500
12510
1250
1000
1250
12510
1000
1000
1250
1500
1250
1250
1000
1000
1000
1000
1300
1500

1300

1750
1500
1500
1000
1000
1500
2000
1000
1500
1000
1250
1000
1750
2000
2000
1750
1000
1250
1250
1750
1250
1250
1750
1500
1000
1500
1750
1750
1500
2000
1500
1250
1500
1250

1500

1500

2000
1750
1750
2000
2000
1750
1500
1500
2000
1500
1750
2000
2000
1750
1750
2000
2000
2000
2000
1500
1750
1750
1500
1500
2000
2000
1750
1750
1500
2000
1500
1750
2ﬁUU

1750

MEANT TOTAL

494339
482053

488959
502416
500596
504141
493316
509005
498261
494196
498808
509654
495049
481948
489067
485045
500956

483133
507238

478633
502711
490723
492117
495382
512551
494024
480673
488280
485684
494103
478212
493626
497934
496748
491598

cosT (£'s)

Programme
Level: 500/230

(8th Position)

(7th Position)

ey

et

Mk s 88 nh ks r——



APFENDIX

C5 !Cont'd!

L

1750

ST
bt

I,J“o

1750
1500
1500
2000
2000
1750

2000

1750
1500
1250
1750
1500
1750
1250
1250
1750
1750
1750
1750
1500
1500
1250
1750
1750
1500
1750
1590
1251
1500

1250

1000

CKING POLICIES
| | RVRTRT]

1000 -

1250

1250

1000

1000

1250

1000 -

1250

1000

16010

1257

1000

1000

1250

1000

1000

1250

1000

1000

1000

1000

1009

1000

1250

1000

1000

12510

10010

1000

1250

1009

1900

20049
2000
1754
1500
1500
1000
1250
1000
1250
2000
1259
1750
1250
1000
1750
1250
1500
1000
1750
1500
1500
1250
1000
2000
2000
1500
1nnn
1250
1000
1259
175
1250
1750

29010

1750
2000

1500

2000

1750

2000

1750

2000

© 2000

2000
1750
1750
2000
2000
2000
1750
1500
1750
2000
1750
2000
1500
1750
1750
2000
2000
2000
1750
2000
2000
1750
2000
2000

2000

MEAN wOTAL COSy(£'s)

\
i b e st o

484337
478104
492676
480332
488416
492096
488445
493765
481037
489029
496436
483216
483753
499067
471279
487974
493617
508976
487359
483728
477026
498265
498171
484534
477284
487250
490447

485497

495455
479725
483010
490372
476048

486204

(6th Position)
Yrogramme
Level: 500/230

(4th Position)

(3rd Position)

(5th Position)

(10th Position)

(1st Position)



HEAN TOTAL COsT(£'s)

APPENDIX 1509 1000 1500 1750

85210
c5(conttd) ﬁEQ?KIHG Pﬂ%ﬁﬁgﬁs 1500 2000 - 272696 (2nd Position)
1250 1000 1750 2000 484681 Programme
: i Level: 500/230

1500 1090 1000 1750 497242
% 1500 1001 1060 2000 430600
i 1500 1000 1250 1750 485625

: 1500 1000 12so 2000 479087 (9th Position)
' 1250 1000 1500 2000 485226
1250 1000 1250 2000 488346

o ok




AFPERDIX = (6

Power Ft. Susp. Rr. Susp.
Units Units Units
...... R coiirige
175¢ 2000 17589
20N0 2000 2008+
675 675 67y L
2609 1400 7
: 3 ¥
1750 2000 1750
2000 .. 2000 12000
e TR R R
S8l S 675 - 6758
2000 3400 . 1200

CONBINED RESULYS FROM

20 _COMPAKISON RUNS

1750 -
2000

675

2000

Body
Shells
Mean Total 5?5b
£355%3
Costes from £355370,
1st Group 2n0u
£ 3574
of 15 357416,
Comparison 675
e & 537830,
1200
£371947,
HMean Yotal 1250
: £372292.
" yosts fronm
~- 2nd Group 5 2000
”'_Of 15 i ;?5405.
Comparison 675
= K - £5443S57,
Huns,
_____ 1200
£399103,
si Sl s 1250
e £363381
s © 2000-
£366410
675
£539593
= 1200
#385525
% Dhege

*
2000 1750;
- 2000 -~ 2000
e = 3 *
- 675 575_
1400 1200

| ™=

llear optimum
policy compute:

Arbitrar ry high
level volicy

Arbitrary low
level pol:cy

Estimuted
969/70 policy

Iicar optimum
policy

High level
policy

Low level
-policy

1969/70
policy

Hear onxtimum
policy :
- High level

policy

Loy level
Policy

1369/70

policy

policies have 1ﬂvolved a change in ceiling level during the

year and only the first combination of ceiling levels is shown here.
Yhe second combinations used are 1500/1000/1750/2000 and 750/150/750/750

respectively,



APFENDIX . C7

*
COMPUTER COSTS AND RUINING- TIMES

Iype of Simulation Run Running Time, Cost Total Cost.

Determining optimum run
length for:

a) 449/20/ Progremme Level, 30 Minutes £25
b) 500/230 " n " " £25

Experimental work for
the extract routine:
H#
a) 449/204 Programme Level., 87 Minutes £90-10

b) 500/230 L " 70 B £75-30

The extract run:
2) 449/204 Programme Level. 120 Minutes £134~30
b) 500/230 n t 100 " £112-30

20 runs of the extracted
policies:

a) 449/204 Progremme Level, 600 Minutes £508-26
b) 500/230 n L 500 Minutesg £390

Comparison Run, 120 Minutes £80

£1440-26

¥ Based on tke scale of charges for external users of the University

of Aston computer,

** The 449/204 level had an optimum run length longer than that useq

for the 500/230 level, so running tires for the 449/204 level

will be longer ang charges will be higher,

ri, N
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