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SUMMARY

The neseanch neported in this thesis has been undentaken

with the objective of adding to the undenstanding of mixed-

model assembly. In the intpoduction, the nature of the

pnoblem is pnesented in genenal tenms and the main wonk

alneady done on it is neviehred.

Next, the assembly pnoblem is theonetically fonmulated

and the methods of assembly-line balancing are discussed in

nelation to the nequirements of an effectíve assembly openatic

It is shown that known methods have deficiencies and that the

pnactical charactenistics of the assembly line PIay a lange

pant in deterrnining which deficiencies ane or ane not

acceptable.

The theoretical fonmulation is followed by a description

of a computen Pnognam developed to investigate vanious aspectt

of aseembly-line balancing. Considerable attention is given

to economy in use of cone stone by the packing of pnecedence

a¡rd othen assembly information within the computen wonds'

Various heuristic balance Procedunes are investigated and

conclusions ane reached that account for the nelative

effectíveness of certain of these procedures. Methods of

achieving special requinements in assembly openations (e'g'

allocation of special tasks to special stations) are included

in the pnog:ram and impontant irnplications of these pnocedunes



SUMMARY ( contd. ) ^

are identified a¡rd discussed. It is concluded that thene

is a need fon a proPer undenstanding of these inplications

if computen techniques ane to be applied effectively to the

analysis and Ptanning of assembly openations.

The investigation of balancing is followed by a

description of a detailed computer simulation Prognam Pl?ePare(

to study assembly-line penforrnance. The inputs to this

puogram ane the alloeations of wor-k obtained fnom the balance

pnogt,am togethen with the mixed-mode1 pnoduction requirement.

This latter may be in the fonm of a specific sequence of

pnoduct unitS or as a plain statement of how many are nequire'

of each rnodel. The si¡nulation is general enough to be applie'

to a wide nange of assembly pnoblems and pennits vaniation of

a wide rlange of pananetens of the assembly.

The nathematical model on which the simulation is based

inctudes algonithrns for automatically genenating accePtabl-e

sequences of pnoduct units both where no constnaint is placed

on the natune of the final Sequence adopted, and where only a

limíted modification may be made to some given seguence of

units. The effect of perrnitting openatons to move out of

their stations by different amounts uPstneam and downstream í

examined, and the effect of penmitting and excluding concurre

of openations when one openator is forced into anothen

operatorrs station is investigated. The simulation Proglram
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has proved to be a powenful heunistic instnument and a

vaniety of intenesting conclusions are neached.

Next, the thesis neponts the nesults of the application

of the balance and simulator Programs to a pnactical pnoblem

represented by a smal] self-contained assembly-line used for

assembling front seats of motor cans. The nesults of this

wonk showed the automatic sequencing algonitfuns of the

simulation to be effective in setting uP acceptable sequences

in vanious situations. The balance Proglram showed that

significant economy in core store usage is obtained without

severe penalty in computational speed.

The thesis ends witn a discussion in which general

conclusions are drawn from an overall consideration of the

whole of the nesearch and in which aneas for funthen neseanch

are identified.
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CHAPTER 1. TNTRODUCTION

1.1 Histonical backgnound

Tnaditionally, assembly lines have been used to

assemble lange numbens of exact copies of a given pnoduct.

The pnincipte used is to carry a sequence of products past

equally spaced openatons at constant speed. Each openaton

must execute a pnedeterrnined set of tasks in the peniod

while a pnoduct unit is moving Past a zone all-ocated

to him and called his station. The fundamental pnoblem

of the assembly line thus defined is the allocation of wonk

to operators in shanes that are aS equal as possible. The

allocation is constnaj¡ed by nules that nequire centaj¡r

tasks of the assembly to be done befone othe:rs and by the

need fo:: tasks not to be subdivided beyond some pnedetermined

leve1.

Consideration of any familiar sma1l assembly operation

(e.g. changing the wheel of a ca:r) illustnates that many

different combinations of the tasks of the assembly would

achieve an aceeptable end result. Consideration of the

difficulty of shaning out the tasks in the wheel example

given above equally between saY, foun peoplerillustrates

the difficulty of the allocation.

One method of allocating is to identify every feasible

combination of tasks, where a feasible combination is a
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combination that nesults in corneet assernbly of the

product without any task nequiring to be executed mone

than once. From this set of combínations the best is

chosen on, in case of a tie, one of the best, and the

nesuLt is an optimal- sol-ution. The difficulty is that

there are often sevenal mil-lion feasible combinations in a

practical assembly operation and the nethod fails thnough

the sheer volume of the computation.

one of the finst mathematical formulations of the

assembly-line balancing pnoblem was given by Salveson [18]

who proposed a linean pnogramming solution which was too

anduous to be Practicai¡Ie. Jackson t?l pnoposed a dynamic

pnognamming sol.ution in 1956 and HeId et al. t3l proposed

anothen dynamic p:sogranming sotution in 1963. Both these

methods htere able to identlfy the best sol-ution but on

account of the heavy computational load wene not suítaÞ1e

fon pnactical assembly 1ines, Held et aJ. [ibid.] a]so

pnopôsed a dynarnic plrogna¡nming method that although it was

unabLe to identify the optimal solution, nevertheless

hras able to pnoduce nealr qPtinal solutions for fuII-scale

assembly openations.

vanious heunistic methods designed to pnoduce an

acceptable solution quipkÌy were pnoduced duning the early
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and middle sixties. In most instances these methods htere

weLi suíted to automatic-computer solutions. Exanples of

the method are Kilbnidge and V'lester [9], Helgeson and
t3.

Binnie [+], Moodie and Young [15], and l"'iansoor ly6l. fn

the latter two references more complex second stage

procedunes hrene pnesented that allowed near optimal Anal oþf''ne

solutions to be obtained at the cost of an additional

computing load. An interesting neview of the eanlien work

was given by Ignall t6l and an infonmative discussion of

the genenal pnoblem posed by the assernbly line was presented

by Kilbnidge and l¡Iesten t10l in 1961.

Tonge t21l in 1965 pnesented a method based on a

pnobabilistic combination of heunistics, while Arcus tll

pnoposed an interesting and effective method in which a

large numben of feasible solutions were genenated by a

nandom numben technique and the best :result was selected.

Buffa l2l reported expeniments by A.A. Maston in which the

various methods hiere examined and compared. Later work on

balaneing mainly concelrned \^'ith modification of algorithms

and impnovement of techniques was presented by Mansoon and

Yadin t14l and Heskiaoff and VJeinstein t5l.

lfithin the last few years, pnominence has been given

to the pnoblern of making different models of the same general
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pnoduct on one assembly line. This poses two main

problems. Finst the work of the different model-s requines

to be allocated to the stations. Methods are proposed

fon this by Thornopoulos [19,20] and Macaskill tI2l.

Ancus tfl discusses this pnoblem bniefly. then, having

allocated the wonk, it is necessary to considen the

sequencing of the product units onto the assembly line,

Because of the different work content of the diffenent

models an iIl-conditioned sequence can severely degrade

assembly perfonmance. Aspects of this pnoblem are

considered by tilester and Kilbnidge l22f , Thomopoulos [ibid.],

and briefly by Arcus [ibíd.].

I.2 Method of pregentation

In this thesis the p:roblems of balancing and of

sequencing for mixed-model assembly are examined and

computen techniques are developed for their solution.

The material of the thesis is presented as follows.

fn Chapten 2 fundamental aspects of the problem ane

eonsidered. First, nelevant elements of gnaph theony ane

pnesenteci and important features of single-nodel assembly

are summarised. This l-eads on to trvo characterizations

of the mixed-model- assembly tine. The mixed-model balance

pnoblem is then fonnuJated and the philosophy of the use
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of assembly lines ín pnoduction Proeesses is discussed.

FinalÌy two altennative methods of solution of the mixed-

model assembly problem are descnibed and discussed,

Chapten 3 is concerned v¡ith pnactical considenations

of the balance problem and with its solution by automatic

computation. Matters in single-model bal-ancing that

relate to mixed-model balancing are discussed and the two

methods of solving the mixed:modeI balance presented in

Chapter 2 are deal-t witn in mone detail. Heunistic balance

proeedures ane deseribed and explained and material of

intenest in the development of the computen Program used

here for balancing are Pnesented. Aspects of single-mode1

balancing that nelate to mixed*model wonk ane investigated

and the results of computer nunning are given and discussed.

ALso, nesults obtained with one of the pnoposed methods of

mixed-modeL baJancing are considered, and methods fon

achieving special bal-ance requirements are described.

chapten 4 is concerned with the cornputen program that

has been developed fon simulation of assembly line

performance. The problem to be solved by the simulation

is given, and the mathematical model is defined. The

method of application of this model to the computen is

explained, a¡d algorithms for automatically genenating

suitable Sequences of units in various conditions are



6

pnesented. Simulaton test nunning is descnibed and the

nesults aue analysed. A considerable nurnben Of intenesting

conclusions are reached.

In Chapter 5 the balance and si¡nulation computen

programs ane applied to a pnactical assembly-line pnoblem.

The resul-ts of a nurnber of computen runs are rePo:rted and

analysed, and conclusiOns are neached concerning assembly

line behavioun and performance of the sequencing algonithms.

Results concerning the allocation of tasks that nequine

simultaneous work by two operatons are discussed.

Chapte:: 6 pnesents a discuesion of the majon

concLusions of the neseanch. The conclusions are Pnesented

unden the headings concunrency of work, prediction of

assembly perfonmance' speed and practicability of

computations and the organization nequined fon the planning

of assembl-y openations. It is considered that the findings

given unden these headings have a wíde application and a:1e

of considerable interest.
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CHAPTER 2. THEO RETICAT FORMULATION

The analysis of an assembly operation can best be

for¡nulated mathenatically by using some of the concepts

of gnaph theony [8]. ].fuch of the notation and ternino]ogy

used in discussion of mixed-modei assembly is based on that

used by Reiter in a necent presentation of the characten-

ization of single-'rnodel assembly lines t17l.

2.! Elements of enaPh theory

A dinected graph G = (NrL) is defined algebraically

aS a finite non-empty set N of unondered elements and a

finite set L whose elements are ondered pairs of elements

of N. The elements of N are called nodes and ane denoted by

i or n., i=lr2r... rE. The elements of L ane called ancs
--i J 'e

and are denoted by thrh - 1'2 r.., rf . ltle write fn = (nrrnn)

or I- = (irk) signifying the arc with initial node ni or i
n

and te.rninal node nO or k. A node that is neither an

initiat node non a tenminal node is ca]l-ed an isolated node'

Fon the application of graph theory considered in

this thesis it is impontant for the elements ni and n*

defining an arc to be distinct. Any reference to a graph

in this thesis thenefone carries rvith it this irnplication.

Despite this exclusion it is useful to note that an arc

with initiaÌ node n, tlie same as íts terminal node no

is ca}led a loop.
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(n

If nr, Ð2r... ,ng are distinct nodes of G such that

i, ti+I)eL, i=1rZ '...8-1, then the sequence

nrr(t1rt2) rn2 .nir(tirti*I) rn1+1r..... rtg

defines a chain of lengtl-r (g-'1) from node n, to

This chain can be described unambiguously either

sequence of nodes t', nZ...rtg on by the seguence

node ng

the

arcs

chain

if
as

by

of

a(nrrnr), (t2rt3) r. .. (^r.-trtg).

of length 1. An arc (n1rn*) is

thene exists in addition to the

n, to n*.

A cycle is a chain

that contains no cYcles

be nedundant

arc itself a chain fnom

except that n, = .1. A gnaPh

is called acyclic.

An arc

said to

(n,,nn)

The tenms elemental task and assemb o ration wiLl

be used fr:equently in the matenial that follows. An

elemental task is a member. of the Se-i: of the economic

subdivisions of the work entailed in assembling some

product. An assembly openation is a set of elemental tasks

so ordened and selected ti-iat al-I can l¡e completed. Such

a set of elemental tasks is caÌ1ed feasible. An assembÌy

l-ine will be negarded as continuously in operation from

start to finish of a production period on shift. Typically,

this peniod would be of about I houns dunation.
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2.2 Síng1e-mode1 assembly line

Before developirrg a gnaph-theoretic rePresentation

of a mixed-model assembly 1ine, it is helpful to summarise

certain aspects of Reiterts nepresentation L17l fon

a single-model assembly line , as fol-Iows : -

A single-mode] assembly line is characterized by

an acyclic dinecled gnaph G wittr nodes N = {tl ,fzr... rtr}

and ancs | = {1lr}2'...rlf}, together with a set of

dunations t = itl ,tzr . " rtg Ì where t ' >0 is associated

with node nr. The presence in G of a node n, indicates

that an assembly task i of dunation tt is pant of the

assembly operation characterízed by G. A1so, the pnesence

in G of an arc 1r, joining n, to nn indicates that task i

must be completed befone task k can stant. Vtre wnite

th = (nrrno) and ti * nk ol1, alternatively, i + k'

The concept associated with the notation i + k is called

a ecedence nelation. If .r(i) rePresents the time at

which i is stanted, then i -+ k implies

y( i) + t.L < 'r(k) (1)

A sinele-modeI assembly line defines the precedence

nelations in assembly openations that penmit manufacture

of identica] copies of a given product model in any

quantities nequined. The relation (I) specifies that in
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the assembly of a particulan product unit the ith

task must be complete before the kth may stant. A furthen

constraint may be placed on the assembly openation by

nequining that there shall be no concurrenc of tasks in

a panticular product unit innespective of whether or not

pnecedence nelations apply in the instance concenned.

Concurneney of tasks takes place when two tasks in one

and the same pnoduct unit are being canried out

simultaneously by separate agencies. Constraint on con-

cural?ency of tasks plays an impontant pant in assembly line

behaviour and is discussed funthen late:: in this Chapten.

2.3 Mixed-model assembly line

A mixed-model assembly line defines the pnecedence

nelations in an assembly openation that penmit manufactune

of a number of sets of identical cop ies of different
product models. In general- such models will have some

tasks in common. This leads to an obvious multignaph

repnesentation as follows.

2.3.L Multignaph characterization

A set of assembly openations associated with models

M = {1r2r... rp} is chanacterized by a set of acyclic

di:rected gnaphs $ = {GlrG2 r... rGp}. Each gnaph G*

ís associated with model mrhas nodes N(n) = {n(m)rrn(m) 2,...
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and arlcs L(m) = {I(m)Irl(m)2 r. .. } togethen with a set

of dunations t(m) = {t(m)rrt(m) 2e... } whene t(m).>0

is associated with node n(rn)1. In connesponding nanner

to the single-model gnaph G we take 1(m)n = (n(m)1rn(rn)*)

to indicate that n(m)i * n(m)O. !,le wnite i(m) + k(n)

to signify that task i of model m precedes task k of

model m.

The gr"aphs Gl, G2, GS shown in figure Ia al:e called

pnecedence graphs on diagnams and chanacteríze assembly

openations for models 1, 2, 3. To illustrate the notation

used, in G, the node label1ed 3(I) has the numben 0.42

associated with it. This signífies that task 3 of model 1

has a dunation 0.42 time units. Centain nodes have equal

durations (e.g. 2(2) and 5(3)). For" the PurPoses of the

following example assume that when two nodes have equal

dunation they both nelate to the same task (e.9. the tasks

2(2) and 5(3) ane the same task).

2.3.2 Chanacterization by combined graph

A combined pneceÇence gnaph G* that chanacterizes the

set of models l{ = {!,r2r...p} nray be obtained fnom the

gnaphs G1rG2 '. '. 'Gn 
as follows:-

(i) Fonm the set of nodes N(M) fnom the sets of

nodes N(I) rN(2) r. .. rN(p) associated with models
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FIGURE I : DEVELOPMENT OF COMBINED PRECEDENCE GRAPII
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I, 2e,.,p1 as folJows

N(M) = N(L) u N(2) u ..... u N(p)

(ii) Form the set of ancs L(M) fnom the sets of

ancs L(1) ,L(2) e. . . ,L(p)

L(l'l) = L(1) u L(2) u ..... u L(p)

Redundant ancs in G* may be omitted.

Figune Ib shows the combined gnaph G* obtained fr-om

Gl, GZ, GS of figune 1a. The nodes of G* have been numbened

anbitranily. Arcs (1r4) and (116) are nedundant and may be

omitted. Node 6 of G¡or node 2(1) of G' and node 4(2) of

Gz all nelate to the sarne task. The duration (0.38 time

units) of task 2(1) is therefore the dunation associated

in figune }b with task 6.

In onder to identify whether node n(M)t of G*

repnesents a task of model m, a vecton V(i) iS associated

with every node n(M) -. and is called a model- identification

vecton, whene

v(i) = (vi*lrn; 1:2r...rP)

If model m does not contain task n(M), then vim = 0: if

it does contain this task' then vim = 1' Let the duration

associated with eveny node n(M), in G* be multiplied by

the mth component of the vector V(i), and 1et the result

of the nultiplication be associated with the relevant node
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n(M)i. Then, a new gnaph G* will be obtained that is

equivalent to G*, one of the gnaphs fnom which G" was

formed.

v(6)

toG
2

As an example, fr:om figunes Ia and Ib we have

= (l'1,0) and gnapn c; in figure }c is equivalent

of figune Ia.

This second chanacterization is weLl suited to the

attainment of savings in usage of rapid access Storage

in computer assembly-iine-balance pnoblems.

2.4 The assemblv-line balance Pnoblem

In the balancing of an assembly tine, the assembly

tasks ane appontioned to work stationS manned by one on more

assembly wonkens. The product is transported past these

stations in a way that facilitates the nequinements fon

its assembly. The míxed-mode1 balance pnoblem is fonmulated

below.

2.4.I The mixed-model balance Problem

Let set H have membens s(m), where s(m) connesponds

to the mth pnoduct model. Let each member S(m) be a set of

sequences B(m)r, B(m) 2)... ' where the numben of membens

need not be the Same in each set of Sequences. Let each

task i of each model m occur exactly once in one and only

one seguence B(n)j of the mth set of sequences s(m).
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If the sets S(m) ane to be feasible thene must exist a

situation such that if
(a) B(m), = (n(m)¡1rn(n) jzr...,n(m)i¡), ... (2)

then,

v(n(rn)¡¡) + t(m)¡:< s y(n(n)jrk+l ), ... (3)

whene k = lr2r...rf-l
and m = lr2r...¡p

whene f is the final node of each sequence

B(m), and where p is the numben of models.

(b) B(m)

and

j (n(m) j 1'n(m) jz, ,. . ,n(m)rr) (4)

(s)

(6)

n(rn)i+r = (n(m) j+I r1rn(m) j+1, 2,. . .,n(m)3+trn)

then

v(n(m) ) + t(m) s y(n(m) )lg je j +1,1

the sequence B(m)j rePresents the ondered set of tasks

of model m that are done in assembly station j. Condition

(a) specífies that for every unit of each model- the onden

of the tasks in B(m)¡ shall be consistent htith the

pnecedence nelations. Condition (b) nequires that for every

unít of each model all tasks in a given station must be

complete befone the finst task in the succeeding station

is star-ted: orr in othen wonds, that thene shafl- be no
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concurrence of operations in different stations.*

The work content w* of mode] m is given by

t(m)
t-

I-I

whene o is the numbencf elemental tasks in model m.

A pnoduction period is called a shift and has dunation T

time units. Let f (rn) be the number of units of model m

nequined pen shift and let p be the numben of different

models r.equined. Then the total wor"k content !rl, of the

shift is given by

I^l w
m

(7)

Let À be the numben of assembly stations needed to meet

the production nequirement of the shift and let the total

effont supplied fon the shift be defined es ÀT, the total

potential fon doing work duning the shift. Then, the

operator idle time I accumulated duning the shift is given by

I = ÀT-!{ T
(8)

I^7
m

c.m

I

P
) f (rn)

m=IT

I' Note that although acconding to condition (b) above no
two openators in-diffenent étations may wonk simultaneously
on the same pnoduct unit, there is no objection to
concurnilrit openations on diffenent product units. fndeed,
this concurrènc,- of wonk on diffenent units is one of the
key features of the assembly line.
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The mixed-model balance pnoblem may now be for"mulated

as follows: deteprnine feasible sets S(m) that penmit a

pnoduction nequirement f(m) to be met fon each model m

and that minimise the idle time f. A penfect solution is

achieved when WT = ÀT.

2 .4 .2 As sembly-line phil-osoPhy

Befone considering methods of appnoach to the balance

pnobì.erq discussion of the pnactical philosophy of the

assembly }ine is given. ft wiLl be seen that no solution

method fon the mixed-mode1 assembly p::oblem will fu}ly

satisfy all- the requinements of a p:raetical assembly 1ine.

In a practical assembly line products ane tr-ansponted

fnom wonken to wonken. The intention is to al-locate the wonk

in such a i^Iay that each worker may complete his allocation

befone each pnoduct leaves an area in which it is

penmissible fon him to do his wonk. The main advantages

confenned by the use of the assembly }ine are:-

(i) the effonts of many workers of diffenent skills

can be applied efficiently to a single unit of a

pnoduct. As a corollðrY, much advantage will be

lost if workens are all-ocated tasks in which

they ane not skitled. The regulanity with which

a given type of wonk can be allocated to a given

wonker will affect the investment needed in the



(ii)

(iii)

( iv)

L7

training of wor:kens fon their tasks.

Each worken can be given noom to do his wo:rk

unimpeded by othen wonkens. Tools and matenials

can be placed to suit the convenience of the

worken, and hence to neduce unproductive wonk

entailed in their movement to the job and

away fnom it.

i¡lonk can be shared out fainly between workers,

and by proper allocation of tasks wonken idle

time can be kept within bounds.

The passage of products at a constant speed

facilitates the maintenance of an agneed rate of

wonking. This has the double advantage of

keeping up an acceptable production rate and

of facilitating the planning of futune work.

2.4,9 Mixed-modeJ balance by multiple individual

balances (method 1)

The finst appnoach to the mixed-model balance is

suggested by the multignaph chanactenization given in 2.3.I

above. this entails the execution of individual balances

fon each model.

The theonetical aspects of single-mode] balances ane

suitably pnesented by Sal-veson [18], and panticular matters



18

that have relevance hene are now pnesented.

It is nequined that the rate of tnanspont of product

units shal1 be constant throughout the shift and the basic

pninciple of the balance is the appontionment to assembly

stations of amounts of t+ork that alre as neanly as Possible

equal to each othen. Let .j be the dur"ation of tasks

allocated to station j. The quantity c rvhene

c = maxjc. ... (9)

is called the cycl-e time. In order that no wonker need leave

his station to complete his task, the time taken for each

unit to pass thnough each station is set equal to c and is

here called the statio+ Pa?sage tjme. fn these conditions

it can be shown that the intenval between application of

units to the assembly line should also be set equal to c.

This interval is called the Pnoduct launch interval. For

present puuposes it is assumed that thene will be one

openaton pen station giving an openaton effont pen station

pen proouct unit of c cperator ti¡¡i'' units.

In a development of the single-model balance to caten

for the mixed-model situation [Wester- and Kilbridge, 22J it

is assumed that the wonk r:equined can be evenly divided

between the stations. That is, in theory, hIe may wnite

c(m), = c(n), j=fr2)"',^' (I0)
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lthere c(n). is the wonk nequined to complete the tasks
J

allocated to station j fon model m, and c(n) is the effort

available at each station fo:r model m. À is the number of

stations in the Iine.

The wonk allocated to each station fon model m wi]I>

in practice be less than on equal to the effont c(n)

supplied at the station and wilI, in genenal, applloximate

closely to e(m),

of model m.

c(m) is catled the model cycle time

If f(m) is the numben of units of model m nequined, the

effont made available at each station fon alL the units of

model m is c(m) f (m) , and the total- effont available at

each station duning one shift is given by

If units arle launched at equal inter:va1s"'t, the mínimum

launch interval ß that will guanantee that wonk nequined

does not exceed effont supplied ís given by

Ï c(rn) f(rn)
m=1

¡l The solution by launching at vaniable intenvals is
considered by Wester and Kilbridge l22l as well as fixed
intenval launching. Considenation of variable intenval
launch is punposely omitted here because it is considened
that, it general, it pnesents so many pnactical
difficulties that it has no place in a general tneatment.
fn particulan instances the method may be of considenable
value.
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B= Ï c(ur) f(m)
m=1

/ l r(m)
m=1

( 11)

(12)

This nelation shows that if c(n)r." .rd c(rn)*r' ane

the naximum and minimum values of c(m) and if c(*)*.* >

c*(min) then

c(m) >ß>c(m)
min tmax

whene ß is called the pnoduction cycle time.

2.4.4 Discussion of method 1

The fonegoing abbneviated treatment is sufficient to

demonstnate the two serious weaknesses of method 1 as

follows : -
(i) Considen, as an example, a 4 station mixed-model

assembly line. Model1 is assumed to contain

tasks {J-12 r3 r4 r5 r6 r7 ,8} allocated evenly to

stations as follows:-

Station I(fr2), station 2(3r4), station 3(5r6),

station 4(7,8).

If model 2 contains tasks {314r5r6}, the

allocations, again made evenly, might be

station I (3), station 2 (+), station 3 (5)'

station 4 (6).

Because of the even distnibution the wonk in

stations I and 4 for model 2 has nothing in
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common r^rith the wonk in stations I and 4

fon modef 1.

Such a distribution is 3-ike1y to break the

nule that workens should be allocated tasks

in which they ane skilled.

( ii) Operator idle tinre cccurôs fnom the instant when

an openator has finished his tasks on one unit

until- wonk becomes available on the next unit.

Consestion oecurs fnom the instant when in o¡rden

to finish his tasks an openator is fonced to

Ieave his station until these tasks ane finished

on wonk on the unit is tenminated. Operator idle

time and congestion can easily occur with

balance method 1. Considen, as an example, a

situation in which model p is the model with

gneatest work content, and let b units of this

model neach the line in immediate succession.

Let entny time of the first model be zero and

consider station 1.

Duration of work on b units of model P = bc(P)

Time of entny of unit (b+t) to line = bÊ

The peniod tO between completion of wonk on unit

b and entny of unit b+l is given by
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to = bc(P) bß

c(þ)
If, /(''= 3 minutes, ß = 2 minutes

unreasonable values) and b = 10,

(not

then

2.4.5

tD = lo minutes '

In other words, because of congestion, the

ope:raton in station ] cannot stant work on

unit (¡+t) unti] I0 minutes aften it has

entened his station. The situation is

nidiculous and is caused by an unsatisfactony

sequence of models on to the 1ine. Correspond-

ing difficulties anise when an unnelieved

sequence of models with model cycle times

significantly less than the launch intenval

is applied to the line.

Solution by asqneqated task- p allocation (method 2

Considen figune 1b and let the sums At be fonmed whene

Ai f(n); i=Ir2r...'q (13)D

= I t(u)*v
m= l-

l_m

whene q is the number of nodes in the combined pnecedence

graph G* and whene v* is the mth component of the vecton

v(i) associated with node i (see section 2.3.2 above). Ai

is intenpreted as the aggregated dunation of every nepetition

of the elemental task i for: every unit in the model mix
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duning the shift and is calÌed the task group dunation

of i. Let F be a set of sequencet BIrB2r...¡Bl of nodes

ni of the set N(l'{) such that each ni occuns exactly once

in one and only one Bj, consider the feasibility of the

B_, , whene
J

tj = (tjl,njZ,"'rtjg) "' (14)

B: is a sequence of nodes of the combined precedence
J

gnaph and has associated with it p sequence" Bj*, one fon

each model in the mix whene, fon examP1e,

B, = ft..V:- -.fI.^V:ô -e...rn:-v¡- "' (15)
lm trvjrrm'nj 2uizrfl" "'tjgtjg r*

Any Sequence of tasks present in B, will at Some time

duning the shift be associated with eveny modet in the mix

in the forrn shown in eq. (f5) above. The sequences

B. will be feasible only if the conditions given in
lm

eq. (Ð to (6) of 2.4.I a::e met. In pnactice these

conditions ane met if the pnecedence relations of the gnaphs

G alre obsenved. Thenefone if the sequences B-, are to be
m-al

feasible they must be such that none of the pnecedence

relation" Grg ane bnoken. But the precedence ::elations of

the G* alre all contained within the combined pneeedence

gnaph G*.

thenefone, if the tj are consistent with the graph

G* they will be feasible. The tj will conrespond to an
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ordered set of tasks allocated to station j.

if nodes are all-ocated to stati.on j as in eq.

A.l

Fu:rther,

(r. ) above,

then associated with each node n3¡ thene wil-J- be arr

elemental task dunation t(M) and an a tas'k grouPjr<

duration A¡1 where

(16)

and fnom eq. (16) we obtain the total arnount of
I

wonk t^1. allocated for the whole shift to station j r thus
l

l

whene g is the last node in the sequence Bj. Since no

openator can duning the shift do mone wo::k than one

ope:rator-shift we have as the second condition of the

aggnegated task grouP balance

T ' wl , j = 112,"'))\'
J

The balance problem of method 2 is then as follows:

determine a set F of feasible sequence" Bj such that )' is

minimized and such that the total duration of the wonk

t
l^i, a]located to station j nowhene exceeds the shift
l

duration T.

g

= I 4..u 1v
k=I J ¿\

VJ
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2.4. 6 Discussion of method 2

Method 2, baì-ancing by aggnegated task gnouPs, has

the advantage that if one elemental task i is allocated to

station j, then so is every othen elemental task i that has

to be done to assemble the whoLe model-mix. The allocation

of tasks to those trained to do them is thenefore gneatly

facilitated.

The method also has distinct disadvantages. Although

the wonk represented as a sum of task grouPs is shaned

evenly between the stations, the tasks assoeiated with a

given model will not, in general, be shared between stations

in the same even \^ray. Fon example, in the illustration

given in section 2.4.4 it was assumed that model I of a

model-mix contaíned tasks I to I balanced oven foun stations

thus : -
1 (1",2), 2 (3r'+), 3 (5r6), 4 (7'8)'

The second model was assumed to contain tasks {314r5t6}'

The all0cation of these four tasks obtained with method 2

would necessarilY be

1(o), 2 (3r+), 3 (5r6),4 (o)

resulting in an exceedingly uneven distribution of wonk

between stations fon model 2.

rn pnaetice, in exacting conditions' a Severe}y uneven
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dist:ribution of wo::k may occur for some pa-nticulan model.

If nothing can be done to nodify this distribution, then it

may be necessany to incnease the length of assembly line

al-Iocated to certain stations. fn extreme instances a

station passage time of three tjmes the Launch interval

night be requined in one station. This has the immediate

disadvantage that the length of assembly line (and size of

in-pr"ocess inventory) required may be much greaten than that

required fon method 1 above. thene is the furthen

disadvantage that if tne line has station equipment of low

nobility and if the model-mix is changed fnequentlyr severe

difficulties may be met in properly }ocating the station

equipment.

Method 2 will- also suffen fnom the same disadvantage

as method I in that the assembly line wil] be sensitive in

its behavioun to the sequence in which the units are applied

to the 1ine. In fact; in general, the station passage times

wilt, in method 2, diffen much more widely from the ]aunch

interval than witl be the case in method I' and as a result

sensitivity to launch sequence will be more evident in

method 2 than in method 1.

2. 5 Concluding nemarks

The discussion of the two suggested balance methods
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shows that the choice offered is one that will be

decided from pnactical considenatíons. It is possible to

visualise situations in which eithen method night be

acceptable or unacceptable. Both methods are thenefore

included in the wonk descnibed in Chapten 3.

In the fonmulation of the balance pnoblem, the

possibility of relaxing the constnaints on the pnoblem by

pe::mitting concument wonk in stations has not been

inc,luded in any of the balance methods. However r in the

simulator runs situations are investígated both whene

concurnent wonk is perrnitted and where it is excluded.
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CHAPTER 3. CO}IPUTER BALANCE-PROGRAM

3. ] Genenal

The pnoblems of single-model and mixed-model balances

have been fonmuLated in Chapten 2. Chapter 3 is concenned

with the pnactical aspects of applying the pnoblem as

fonmulated to a computen and with the quality and natune of

the solutions obtained. It was shown in Chapter 2 that both

vaniations of the formulation of the mixed-model balance

r^/ere closely associated with the single-model pnoblem.

Practical aspects of the fonmulation of this latte:: pnoblem

are therefone Presented now, and lead on to the discussion

of the pnactical aspects of mixed-model balances.

The discussion of single-mode1 balancing and of heuristic

procedunes that fol-lows nelies fon its matenial on many

Sources. The following references however, in particular',

have a genenal nelevance to the matenial pnesented'

SaJveson t181, Helgeson and Binnie [4], Moodie and Young

[15], l'lansoor t141 , and Kilbridge and V'lesten [t0].

Thnoughout section 3.2 below it is assumed that each

assembly station is manned by a single operator.

3 2 Sinsle-model balancing, Þractical considenations

3.2.1 Itenative method

An assembly situation is as folIows. The duration of
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the ith elemental task of a single-mode} pnoduct that has

k tasks is ti. Shift dunation is T; pnoduction nequine-

ment is P units pen shift. The maxirnum value "*-* of

cycle tine that will permit the requirement to be met is

c = TlP .'. (1)
max

Let I be the numben of stations required. Knowledge of

c oenmits definition of À-.-" the minimum number of-max 5 ------ -- man'

st'ations by which the production nequirement could

theonetically be obtained, as follows

^.mln :I
i/"ru.*' whene til"*-., is an integennêxIL

k
r
L
-a

t k
I

or À
man 1

k
Iit

t ilc max
+ 1 t OftuerWße-

where the squane bracket denotes that the non-integen pant

of its contents is to be discarded. Having obtained lmin,

the minimum theonetical cycle time .*i' i" given by

t i/r ml,n
(2)cmtn

As an example let T = 480 minutes, P = 240 ¡ then

1

k
T

1

c =2min.max

Let k = 10 and let the 10 values of tt be

{0.5r 0.7, 1.1, 1.0r 0.4, 1.5, r.2, o. g, 0,4, 0.9]
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then 10
T

i=1
t = 8.5

1

and I 5

and 8.5
Tc

mLn = I.7 min.

If a balance coul,d be obtained with c = 1.7 and' | = 5t

there would be no operaton idle time. Such a nesult is

unlikely but not impossible, and therefore the finst attempt

at a balance night be made with c = "^ir,.
Assume that a method E has been defined in which

elementat tasks v¡ill be allocated to stations in such a htay

that pnecedenCe constnaints ane obsenved and that the sum

of aIÌocated tasks dOes not exceed the choSen value c of

cycle time. An effective approach to the baLance would then

be as follows,
(i) Attempt to balance by applying the method E

with cycle time equal to cmin and with Àmin

stations. If the balance fails go to (ii).

(ii) Let c = cmin + ôc whene ôc is an anbitnarily

chosen small incnement of cycì-e time. Attempt

again to balance to c. If the balance fails then

set c = cmir, * 2ôc and continue with balance

attempts and incnements eithen until a balance

ml_n
l$l+r=
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is achieved or until the incremented value

of c exceed" "*.*.
If the cycle time exceeds .*.* the pnoduction

nequinement cannot be met (see eq. (I) above).

Sinee a balance cannot be achieved with l*in

stations with c s "*-*, 
the value of À must be

increased if a balance is to be achieved

therefone let

À=Àmin+1

and determine the new minimum value of c, cåirr t

that co:mesponds to this new value of I as

follows

nl. =-ml-n
(3)

,1, 
tt'(^*i" * 1)

(iv) Proceed as in (ii) above with o'*irr in place

of "*i' 
either until a balance is achieved on

c exceeds .*-*, when the numben of stations

must again be incremented as in (iii) '

Var"ious balance methods t ane discussed later in this Chapten

Howeven, iruespective of the balance method chosen, a

balance will eventualÌy be achieved by itenation in the

manner descnibed above. Let overall baÌance efficiencY be

defined. as the natio of wonk done to effont supplied and
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denoted by e. Then e is given by

e

k
| 'ilr,c

i=1
(4)

Note, in itenative balances, that if the final value

of c is less than .*.*, the shift pnoduction will be given

by T/c which exceeds the nequinement P by a nurnber of units

given by

(s)T( 11
cc )

max

This extna pnoduction

indeedr mêy puove to be an

the shift dunation may also

eituation of this sont the

below may be helpful.

3.2.2 Sine1e-pass method

may not be nequined and,

embanrassment. Cuntail,ment of

not be practicable, and j¡ a

single-pass appnoach descnibed

The notation used is that of 3.2.I above. App1y the

balance method E with cycle time equal to 
"*u,* 

where, as in

eq. (1) above,

c =TlPmax

but with the number of stations undefined. Continue

all-ocating tasks to stations until no more tasks nemain to

be allocated. The numben of stations À nequined in pnactice

is then given by the number nequired to complete the
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balance. The method has the advantage that the balance

is achieved in a single pass with the same numben of

stations as would be achieved by the method { used witn

itenative balancing. The disadvantage is that the openator

in the final- station may be gnossly underemployed. To

illustnate this considen a simple example where:-

Task 1 pnecedes tasks 21 3 and 4r task 4 pnecedes tasks

5 and 6. Fnom eq. (f ), "*u.* = 1.00. A feasible

allocation is as follows:-
Tasks

allãilated
Resídue of

Station

P = 480 units,
t., = 0. 87 min. ,

J-

t+ = o'41 min',

f = 480 min.,

tz = o' 60 min' o

ts = 0'56 min',

Jç=6

to = 0.40 mín.,
J

t- = O.29 min.
b

effont(mffi.)(

I

2

3

4

I ( 0. B7 )

2 (0.60)r3 (0.40)

4 (0.r+l-),5 (0.56)

6 (0.2e)

0.13

0. 00

0.03

0.71

The unused residue of effont in station 4 is 0.71

man min. Thene may be difficulty in ensuning that this

unused effont is not wasted. Balance ovenalJ' efficieney

as defined in eq. (4) above in such cincumstances tends

to reflect experience in the final station rathen than
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excellence of balance method. this latter is better

represented by a critenionhere caIled the subterminal

efficierrcy of the balance €' whene

= sum of tasks aI located to finst (f-f) stations
c(

(s)

3.3 Mixed-model balancine pll actical considerations

Two methods fo:: the mixed-model balance problem were

intnoduced in chapten 2. These are now considered,

stanting with method 2,

3.3. I Allocation bY 49, ated task gllouPs

Companison of matenial on single-model- balances just

pnesented with the mixed-modet balance given in section

2.4.S above shows a correspondence between the methods, in

which the single-model cycle time c conresponds to the

shift duration and the ith elemental task duration conres-

ponds to the ith task gnoup duration. l¡le may achieve

balances by allocating in the one instance elemental tasks

to intervalsequal to the cyele time and in the other by

allocating task group dunations to intenvals equal to the

shift duration.

However, because T is the, shift duration it is not

possible to make changes in T in a way conresPonding to

changes made in c in single-model balancing. conside:r a

E
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nequinement P r whe:re

35

rD P t p is the number of models
mm=l

and whene P= is the number of units requined of model j'
J

If it is found that the task gnouP dunations A, are such

they cannot be fitted into the À statiors then eithen P

must be reduced or À must be incneased. The method chosen

will depend on whether it is mor:e impontant to meet some

given requinernent or to avoid an inenease in the numben

of stations.

It has alneady been shown that aI]ocation of complete

task groups results in allocation to a givèn station of

every tlepltesentation of a given task. Howeven by accepting

the condition that rePnesentative tasks night be allocated

to one of two given stations, balance efficiency can be

increased.

consider a task group A, that cannot be allocated to

station h because the dunation of A, is too gneat by some

amount e work units. Let the dunation of the elemental

tasks that fonm A, be tr. Now, if some number n tasks

is nemoved from A. whene nt, ) e ¡ then the modified task

group A, will fit into station h, and the resídue nti
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may be allocated to station h + 1. If the langest

du:ration of any elementat task T¡Ierle ë, then the efficiency

in each station could never be less than

(T * s')lT

a nemankably high value since q, would seldom exceed 'r rr'
of T.

Two penal-ties would be involved. First, the openatons

in station h and in station h + I would both need to be

trained in any task that might stnaddle both stations.

Second, thene coul-d be confusion oven exeeution of tasks.

Fon example considen that 7 units of model j ane needed and

that in the allocation of the ith task grouP 4 units of

model j have been given to one station and 3 to anothen.

The openaton in the first station might then be required to

nememben that fon the first foun units of model j he would

execute task i, and fon the final three units task i would

be executed in the next station downstream. A compnomise

would be to penmít nothing smaller than the duration assoc-

iated with all the units of a given model to be sepanated

fon allocation to another station. I¡lhether on not such

penalties could be acceptable would of coLllrse be a decision

to be made by the industrial- staff responsible for the

assembly line. It is important, however, to draw the
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attention of those concerned to the existence of such

altennatives. To illustnate its feasibility, this

method of splitting is used in the balance runs in

Chapten 5.

3.3.2 Mixed-mode1 balancinø bv muttiD individual balances1e

A method, called method 1, that nelies on repetítions

of individual balances has been fonmulated in Chapter 2.

this method is descnibed in some detail [Macaskill, lzf'

Comment wi]l be l-imited hene to a general discussion of the

method and its difficulties.

Consider a nnixed-model nequinement P whene, êS in

2.3. I above,

P=

Task dunations aue }O]own and thenefone the wonk content

yl.. of model m can be detenmj¡red. If the efficiency of the'z
balance fon model m wene known, the effort Etn that would be

nequined for assembly of P* units could then be deterrnined

from knowledge of the wonk content wo,. Finally the effont

nequined fon the whole shift, E, would be obtainable where

L

P)Pu_ mm=f

wm-

E
mï

m=I

Fnom knowledge of E and the tj a proPolrtion of the shift

Tj could be allocated to each set ofnodels j where
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T TE IE
mm

The pnoblem would then be to balance each model by a

single-model balance fon pnoduetion of P* units in a shift

oeniod T . with the ovenall condition that the number of

stations should be the same for each model.

Províded that balance efficiencies can be neasonably

accunately pnedicted the follor¿ing aPpnoach can be used.

Detenmine alL the T,o by the method given above, and let k

be the model fon which the cornesPonding value of T,n is

gneatest. Dete::mine "k ,n.* whene

TL
ã-kmax-ç

canny out a single-model balance for model k Intith "k *-*
aS model cycle time, and let the number of stations requined

be À. then iteratively neduce ck,n.* without incneasing I.

If the neduction in c is 6c, this will corllespond to

some amount ôT that is no longer nequined in the pantial

shift duration T* aJ-located to the units of model m.

Now select the model fon which T* is next greatest

after model T*. Let this be model g and attempt to balanee

this model to ì. stations to a cycle time c, whene

T +67
c

t

PE I



Tf the balance is achieved,

without causing a neduction

val,ue for ðT.

If the balance is

lange nesidue of shift

stations by l- and star"t

achieved and thene is a sufficiently

duration, neduce the number of

again.
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reduce cg

in À, and

as far as possible

detenmine a nel^¡

If the balance cannot at once be achieved incnease

cycle time until the balance can be achieved' This will

entail introduction of a negative value of 6T. In eithen

case detenmine the model that has the next gneatest shift

dunation and nepeat the pnocedure again.

continue in this manner until aIl models have been

balanced or until the whole shift duration has been used.

In the l-atten instance increase number^ of stations by

I and start again.

As explained in chapter 2 the method has a weakness

when companed with the task grouP al-location method in that

every nepetition of a given task will not usually be

allocated to one panticular station.

Thene are also detaiLed difficulties caused by

vaniations of balance efficiency with cycle time. these

and other aspeets of the technique are discussed in the

section of this chapten relating to results from the
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comPuter Pnognam.

3 .4 Heuristic p:rocedures

An optimal balance fon a given product assembly is

such that no other feasible allocation to stations of the

elemental tasks of that pnoduct v¡il1 reduce the operaton

idle time. such balances in theony are attainable by

listing every feasible arrangement of elemental tasks. This

method faits in pnactice through the magnitude of the

computation required. Dynamic pnogramming methods have

been devised [Held et aI., 3 and ,Jackson, 7J that gneatly

reduce the numben of feasible sequences that need be

considered in obtaining an optimal balance. With these

methods computational effort is prohibitive fon practical

assembly. Held et aI. tibid. I have also devised a dynamic

progtiam that obtains nean-optimal balances with r^educed

requinements for comPutation.

Neventhel-ess ¡ âD attnactive altennative that in many

instances is fasten and more pnacticable than dynamic

prognams is tn" þu"oisti. p"".o¿* . The principles of

such pnocedures ane no$t discussed.

In any precedence graph thene is at least one task

that has no predecessor. Such tasks ane here call-ed free

tasks and in heuristic procedures are grouped togethen in

a set hene called the active list. In general tenms, the
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method of the heunistic pnocedune is to seleet a task

fnom the active list by means of a Pnedefined Procedure

and to attempt to allocate it to a station" If it will

fit then it is allocated and removed from the pnecedence

graph and the active list. Tasks that become fpee tasks

because of the nemova] fnom the pnecedence gnaph of the

allocated task ane then placed in the active 1ist. If a

task selected for allocation will not fitr anothen task

is selected fnom the active list fon a funther attempt Ab

aÌlocation. If no fnee task will fit into the current

station, the next station is used for altocations. By

suitable repetitions of this Pnocess the situation is

finally reached when all the tasks have been allocated on

when the bala¡ce has failed and must be repeated with new

initial eonditions. A detailed expl-anation of the method

is given in the flow chart of figure 2"

Heuristic ptocedures fonm the basis of al-l the

assembly-Iine balance operations reported in this thesis and

a key featu:re of these procedures is the nature of the nule

used to select fnee tasks from the active list' As examples

of the types of rule that can be used, two well known

pnedefined selection rules are now described. Let F be

the set of tasks in the active l-ist. The rule is

repnesented as the result of arr operation Hn on F' whene the
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subscnipt q identifies the panticuLa:: nule being used.

3. l+. 1 Langest candidate pnocedune

If Ht is the operator for the langest task pnocedune

[Moodie and Young, 15] , we have

HI(F) = maxi{tt'ieFltt < r}

where n is the cunnent value of the residue of effont

availabLe in the station to which allocations ane being

made and t, is the task duration of the ith nember of F.

The pnocedu:r,e re-q.uines only that task durations should be

known, and therefone nequines no pneliminany cornputation.

3,4. 2 Ranked positional weieht Pnoqedune

Tf H2 is the openator for the nanked positional

weight procedure [Helgeson and Birnie, 41 and [Mansoorr t3]

we have

2 = maxi {(pw)lrierlti < r^]H (r)

where n is the curnent value of station residue of effort'

whene (nw), is the positional r+eight of tl-Je ith member of F'

and whene
k

(ew), = ti + 
:1, 

tro,; k is the number of tasks in the

preeedence graPh

b. = (l1
(

l, if j e the set of successors of i

0, otherwise.

and

A special computation is nequired to detenmine (ew)t
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for all tasks in the pnecedence gnaph. Note, howevert

that once the (pw)t have been detenmined for a panticulan

pnecedence gnaph and set of dunations, the (pw)i are

available without funther computation for the many balances

nequined.

3,5 Design of computen balance proElrem

The main factons considered in the design of the

computen program for the assembly line baÌancing l^¡ere as

follows : -
(i) It was clear that both duning the reseanch and

in industrial use there would be a need in a

mixed-model balance Program for the storage

of significant quantities of pnecedence and

other data fon several models.

It was also clean that both duning the nesearch

and in industnial use there would be a need

fon fnequent computen lluns of the balance

prognam with many of the runs involving sevenal

balance nepetitions.

It was considered that during the reseanch

stage the¡re would be'a need fon frequent changes

in the computer pnognam and therefone simplieity

and fl-exibility would be of impontance. This

(ii)

(iii)
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need was emPhasised by the need for a lvide

range of functions and altennatives in the

pnogram which would tend to make the pnogram

large and intricate.

( iv) Although the main aj:n of this neseanch was

concerned vrith the undenstanding of assembly

line behaviour, it was considered important to

investigate Programming methods that rnight

facilitate laten industria] work.

The need fon computational speed (facton (ii) above)

suggested stnongly that all quantities needed for the

balances shoul-d be available in core store. this :require-

ment atlied with facton (i) above caused much emphasis to

be placed on methods of neducing the amount of core store

nequined. The language chosen for the Progran was Contro]

Data FORTRAN. It was considered that any computational

speed that might be ]ost through using FoRTRAN instead of

an assembly language would be more than regained by the

ability to make changes easily and check them out napidly.

Use of a highen level language such as SIMSCRÏPT was

rejected pantly because it was considened that FORTRAN would

give mone flexibility and pantly because on the University

of Adelaide computen the FORTRAN compilen was thonoughly

checked out, whereas the SIMSCRIPT compiler and language
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had been ]ittle used.

Those aspects of the balance compute:: program that

are considened to be of most significance are no$r discuSsed.

Figure 3 shows a flow diagram that illustnates the main

functions of the prografn arl?aJtged for balancing by aggre-

gated task gnoups by use of the ranked positional weight

(n.p.w. ) procedune.

3.6 Identification of free tasks

A method fon identifying fr"ee tasks by Boolean oPen-

ations in a pnecedence matnix has alneady been descnibed

[Macaskill, 12] and is included in the balance Pnogram.

This method although simple in concept and satisfactony fon

smal1 precedence gnaphs is not well suited to use with

large assembly lines. The method now descnibed is a

development of the foregoing method and is faster' more

economical- and well suited to use with lange assembly lines.

It is the method that has been used in the solution of the

practíca1 pnoblem reported in chapten 5 of this thesis.

3.6.1 Modified pnecedence matnix

Considen the pneced.ence gnaph shown in figure 4a'

pnecedence infonmation of the graph is contained in the

pne cedence matnix, A, of figure 4b. Row i of the matnix

The

connesponds to node i of the graph and contains the
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immediate successons of node i in l-ocations corrlesponding

to thein node number:s. Let ar, be the element of A that

lies in row i and column j (column 1 is the rightmost

column of A). Forrn a nehr matnix B such that its elements

b', that appear in now i and column j are the elements
r_l

.i{i_i) in matrix A. Figune 4c shows the matnix B fonmed

fnom the matnix A of figure 4b. In matnix A the j¡nmediate

pnedecessons of node j 1ie in col-umn j. In matrix B the

imrnediate predecessors of node j Iie in the locations

Oj-rrt, 
')-rr, 

and so on alongtte diagonal' The diagonal

nelating to node 6 is identified in figune 4c.

fn a heunistic pnocedure, when a node i has been

allocated to a station, atl its inmediate successons that

have no remaining pnedecesson may be entened in the active

list. The following procedune identifies such nodes

(i) identify all- the irrmediate successorls of the

aJ-J-ocated node by searching fon entries in now

i of B. If the location of the leftmost

successor is known, the amount of searching

can be neduced significantly,

(ii) delete row i of B,

(iii) seanch in tunn along the predecessor diagonal

of each successor of i. It is helpful if the
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Iocation of the entry furthest along the

diagonal is known, fon the seanch need neven

be cannied beyonq this location. If an entny

is founc before reaching this location the

seanch is terminated; if no entny is found then

the nelevant node is placed ín the active Ìist.

Computen storage of pr:ecedence information

Tl-ie fcregoing ¡netiroC is panticularJ-y valual-:1e fcf a

computer a¡;lication for ít f¿cilit¡.tes econcmic storage

of large precedence gr:apiis, f n trre cc,n;-'uter progran

used in Chapten 5 one computer word (each wond has 60 bit
positions) is al-loeated to each node. The successors of

the node are reconded in the first 30 bit locations of the

computen word. (If node (i+a) irnmediatel-y follows node i
where a > 30 a dummy node wíth task dunatíon zere is
inserted in the pnecedence gnaph. ) In addition the

locations of the leftmost successor and the pnedecessor

furthest along the diagonal are stoned in the node wond. The

procedune noted in (i), (ii) and (iii) of the pneceding

section is then applied in the computer pnognam by use of

FORTRAN masking expressions. The method used is íllust::ated
in the ful1y annotated flow diagram of figure 5.

The bit locations all-ocated to successor3s have lreen
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lirnited to 30 to show that the method is pnacticable

without the use of all locations in a very }ange computen

word. Because the pnecedence matnix B is destroyed (see

item (ii) of the pnocedure) an t'activerr and a "passiverl

vension of B ane held. If nepetitions of the balance are

nequined the passive matnix is used to necneate the active

matnix.

In the example given in Chapter 5 a balance (one

iterative pass only) is achieved fon a 190 node pnecedence

graph in less than 0.5 sec. This computational

speed is considered adequate.

3.7 Detenmination of positional weights

Positional weights have alneady been defined (3.4.2).

As examples of such weights consider figune 4a. !'Ie have

t +t
6 I

the set of all the successors of a given node nt 1n

a gnaph is obtainable as follows. Dete:rmine the set of

immediate Successolls of n, the set Nt say. Then detenmine

the set of successons for each member of Nt r the sets

N2, N3r...Nj. Then detenmine the sets of successors of

eveny memben of each of the sets N2, N3 r, ..Nj. Continue

(pw),

(pw),

(pw)u

+t
3

t2 * t5 + tO + tg

t,r*t7*tg
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in thís manner until no funthen successors are to be found.

The application in the pnograms of this method is

eiven in the flow diagnam shown in figune 6. This diagram

contains sufficient explanatory matter fon it to be applied

to an example (u.g. figune 4a) if nequired. The

computatíonaI speed of this algorithm is illustnated by

the computation made fo:r the positional weights of the 191

node precedence graph used in Chapten 5. The central

processor usage for this computation was about ] second

which is considered acceptable.

3,8 tations us slack

In Section 2 of this Chapten iterative single-mode1

balances in which cycle tirne is increased step by step

until a bal-ance is achieved ane discussed. In Section 3.3.1

a similar itenative appnoach is used in which mixed-model

balances are achieved by iterative ::eduction of the

pnoduction nequirement. A method is given [Mansoon, 13] t

fon single-model balances, for the abandonment of a balance

iteration as soon as it shows itself to be unsuitable.

This method has been applied directly in the pnogram for

single-model balances and an adaptation of the method is

included in the mìxed-mocel- balanee ljrogran as foll-ov¡s:-

Let T be shift duration and I the number of stations

that may be used, then
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Assembly effort supplied = ÀT

lrlonk content of the shift = Ai, k is numben of

tasks.

The difference between effont supplied and the shift wonk

content is calLed Þ the total slaek and is denoted by R.

I,rle have

ft=.IT:

Now let r 2 be the aggregate duration of task groupsl
alfocated to station j. Then the slack associated with

station j is T .j and the slack associated with the

compÌete allocations to the first h stations is

(T - r
l_

It is clear that if the slack associated with some given

numben of stations exceeds the total slack, then more effont

will- be nequined than has been supplied and a balance will

neven be achieved. That is, if

k
Ii=I

kI e.
f

l_= l_

I

h
i

f
)

R.
h
I

i=1
(T - ti) <0

the attempt to balance may be discontinued. The pnoduction

requinement is then decreased by 1 chosen pnoduct unit

and anothen balance itenation is stanted.
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3.9 Results of balance Þrognam runs

In the neseanch neported in this thesis it has been

eonsidered mone impontant fon the balance pnognam to

pnoduce balances of acceptable efficiency quiakly and

effectively than to pnoduce balances of very high

efficiency. Consideration of the following mattens

contnibuted to this decision.

(i) ft was judged that ovenall pe:rformance of a

mixed-pnoduct assembly line would be much more

sensitive to product sequence fed to the line

than to balance quality,

(ii) The aggnegated task group method of balance

was thought likely to lead to a veny high

balance efficiency with quite crude heunistics

pnovided that task group splitting was

pennitted, Even without this splitting it

seemed pnobable that the balance efficiency

would be well within acceptable limits because

the number of fneç tasks associated with the

combined pnecedence gnaph would be much gneaten

than for a single-modeI.

(iii) In the multiple individual balance method it was

considened that the distnibution of station idle
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time woul-d differ from model to model. As a

nesult efficíency for all the balances would

pnobably be significantly highen than for any

one of the individual single-model balances

considened sepanately.

(iv) Powenful techniques are available [A:rcus, I]r[He1<

Kanp and Si:areshian, 3l and [Mansoorr 13] fon

achieving hígh quality balances if nequired.

ft hlas thought howeven that the presence of

these more comPlicated tcchniques when combined

with some of the special functions of the pnogram

would gneatly complicate the balance procedunes

without significantly adding to the reseanch

results.

Despite the fonegoing comments sevenal single-model balance

runs v\retle made with the obj ect of gaining an undenstandíng

of any penfonmance anomalies that rnight intenact

unfavounably with the application of single-modeI balancing

concepts to mixed-mode1 bala¡rcing techniques.

Some of the findings ofthis v¡onk ane of general interest

and ane now l?eponted.

3.I0 Balance-simuLation experiment

Thene ane two main aspects which affect the penfonmance
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of a simple heunistie procedulre, both of which depend on

the task selection nule of the heuristic" First, the way

in which tasks ar?e chosen fnom the active list determines the

nodes that ane released fnom the network and hence

detenmines the subsequent content of the- active list.

Second, the durations of the tasks chosen will determine

how closely the sum of the tasks al-located to a station

r¿ill appnoximate to the cycle time.

Examination of the nesults of nunning of the balance

program suggested that a heu:ristic pnocedune that gave

good nesults in nelation to the finst aspect descnibed

above rnight give poor results in the second and vice versa.

For example, the very procedunes that established an active

]ist with a lange membership might result also in a less

useful selection from that list than the selection made

fnom the active List by a pnocedure unable to establish so

long an active 1ist. It was decided to investigate this

matter and aften some deliberation simulation was selected

as the most pnacticable method of investigation. The

experiment and its resuJts are described below fon a

comparison of the langest candidate heunistic with

the positíonal weight heunistic.

The basis of the method was to set up an active list

that throughout a simulated assembly-line balance would
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contain some fixed numben of members. hlith this as a basis

there would be no need to consider any sPecific pnecedence

nelationships, for the general natr¡re of the precedence

relations of the balance would be implicit in the

maintenance of a constant numben of members in the

active list.

The distribution of the dunations of the membens of

the active tist neflects the natune of the assembly

operation being undertaken. In the simulation the dunations

r^rere selected nandomì-y fnom a nectangulanly distributed

population of numbens lying between 0.01 and 0.99 tine units.

3,IO. t Si¡nul-ation of langest candidate heunistic

In these conditions the sirnulation of the langest

ca¡rdidate heunistic is simple, as follows.

(i) A cycle time is defined. Ten different cycle

times hrere used with stanting value 1.10 ti¡ne

units and incnemented by 0.L0 time units to

a final value of 2.00 time units.

(ii) The length of the active list is defined- In

this expeniment the list length could have the

vafues 22 4 or 6.

(iii) An active list is set up by selecting six

nectangularly distributed nandom numbers lying
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in the range 0.01 to 0.99.

The langest of these numbens is then selected

and allocated to the statiorr, and station

residue of effort is determined by subtraction

of this number from the chosen value of cycle

time. The active list member is deleted

and anothen nandom numben is genenated and

added to the 1ist.

Again, the largest active list memben is

selected and then tested for fit in the station

:residue. If it will not fit the second largest

is tried, and if that will not fit, the next

langest until a fit is obtained or it has been

established that all active list members have

dunations gneaten than the station nesidue.

In the latten instance, it is necessary to move

to the next station achieved in pnactice by

resetting the station nesidue to a value equal

to the cycle time.

The procedur:e descníbed above is nepeated until

40 nodes have been selected. Subterminal

efficiency (3.2,2) is then computed for the

balance.
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Each pnocedune in 1 to 6 above was nepeated 50 times fon

eaeh of ten cycles times for each of 3 diffenent lengths of

active list making a total of 50 x 10 x J = 1500 runs.

3.It,2 Simulation of nanked positional weieht heunistic

The simulation of the ranked positional weight heuristic
h¡as done as follows. Considen a six memben active test

F = {arbrcrdrerf } nanked in or-de:: of positional weight.

From this test, a will be chosen finst for al-location, and

if its dunation is too gneat b will next be tried, then c

and so on. If a were allocated, and the list r4relre

not augmented, the next set of allocation attempts would

be made in the onder b, c, d, e, f, because this is the

order of the positional weights. However, the nequinement

of the símulation is that the active list shall have a

constant numben of members, and the question is how to

locate the new memben in the list. Examination of

accession of tasks to the actíve list in some pnacticaJ-

netwonks showed that a new member might take any place

in the positional weight r:anking with the one exception

that it was not usual for the new memben to have a posi*

tional- weight gneaten than the member at the head of the

list. The following procedune r^¡as therefor:e selected as

a sufficiently accunate simulation of the positional

weight heuristic for the purposes of the expeniment.
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(i) The initiat order in F was taken as the

orden of genenation of the first set of

membens of F.

(ii) Each laten addition to F was given a dunation

by generation of nandom numbens as for the

langest candidate pnocedune. The Position
in F of the additional memben was defined by

seLection fnom a population of random numbers

rectangulanly distr.ibuted over the nange

(213 ¡... en) whe::e n I^Ias the number of rnembers

of F. Fon example if n=6 and the nandom

numben chosen was 4, then the new memben would

be placed in position 4 in F and the membens

in positions 4 and 5 aften allocation would be

pushed down to positions 5 and 6.

Once F had been established sel,ections ülere made fnom it

by tnying each memben fon allocations in the orden of

thein location in the list, eithen until an allocation could

be made on until it was established that none would fit.

Fnom this point the pnocedu:re was similar to that for the

langest candidate simulation, 1500 runs being made in the

sêrme conditions.

Finally: êD investigation was cannied out fon a

heunistio H3(F), calIed hene the smallest candidate heuristic
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whene

H3 ( F) = mini {ti, ieF }

This investigation was limited to a 6 memben set F.

3.11 Results of balance simulation

In figure 7 avenage subtenminal balance efficiencies
obtained in the simulation are plotted against cycle time

fon the various conditions investigated. The nesults atre

of considenable significance as dlscussed beIow.

( i) For all thnee heunistic pnocedunes the avenage

efficiency showed a significant and negulan

incnease wittr cycle time and (fon the two

pnocedures where the comment is nelevant) wittr

membenship of active l-ist.

(ii) In all instances the langest candidate

pnocedune showed an advantage oven the positional

weight procedure. This is consistent with the

hypothesis that provided that the active list

Iengths ane the sa¡ne , the langest candidate

method of selection is the bette:r. This is
supponted by the exceedingly poon results
obtained with the smallest candidate pnocedune

and a six-memben active list.
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(iii) Unfavounable balances wíI1 be obtained in the

average w:th a cycle time that is not greaten

than 1.5 maxr(ti) where the t, ane the task

dunatíons in the netwonk and have an

appnoximately nectangular distnibution.

The vaniance of the balance efficiency r^las computed fon

each set of 50 runs. The maximum vaniance necorded was

0.û02 at c = 1.4. The distnibution of balance efficiency

is a skew distribution, and it is estimated noughly that

fon this value of variance, l- balance efficiency in 40

would be 10% on mone less efficient than the average

efficiency for the set of 50 nuns. Stanting fnom the

value of cycle time c = I.+, va::iance decreases with

incneasing cycle tine and also decr:eases as the active

list membenship is incneased. At c = 2.0 the maximum

vaniance fon 4 and 6 memben lists rvas slightly gneater

than 0. 0005.

The significance of these results concenning vaniance

is that with heuristic balances, especially in unfavounable

conditions, efficiency of balances obtained fnom símp1e

heunistic pnocedures will tend to show a wide vaniation in

efficiency. This vaniation in efficiency cornesponds to

the wide range of quality of balance obtained by Arcus tll

in his nandomly genenated sets of balances.
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3.12 Test balances

For: reasons given in section 3'9 of this chapter no

attempt was mad.e to study heunistic pnocedunes exhaustively.

Howeven some running was done fon some test assembly

operations and an example of one of the pnecedence graphs

used in this work is shown in figune B. The average

numben of fnee tasks obtained witn different vaLues of cycle

time fon this test pnoduct is Shor¡n in f igure 9, and the

values of bal-ance efficiency for the same product are

shown in figune 10. The heuristics used l^lene:-

(a) Largest candidate heuristic.
(b) Ranked positiona] weight heuristic.

(c) A heuristic in which the criterion for nanking

\^ras the total duration of the task and its

immediate successors- This was called the

first successors heunistic.

(d) A heuristic in which the method of the

positional vreight heuristic was followed in each

station until the finst occasion on which a task

would not fit. Fon the remainden of the station

the J-argest candidate pnocedune rnlas then used.

This was called the mixed heuristic.

A heuristic that differed from the nixed

heunistic only in that the first task allocated

(e)
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in each station was the task of longest

dunation on the active list. This was

called the mixed + lcnsest finst heuristic.

The nesults show a genenal agreement with the results

of the simulation. The foltowing detailed matters are

notewo:rthy.

The first successors heunistic has a pantieulanly

poon average length of active list and an infe::ior method

of selecting fnom this 1ist. Its efficiency recond in

figune 9 shows that for the instance investigated it

r^ras the hTorst pnocedure.

The langest candidate p::ocedune shows the gneatest

scatten of results. This would be expected because greater

changes in onder of allocation would be expenienced with

this heunistic than with the positional weight and :related

procedures. Successive balances will therefone have less

in common with each other and might be expected to show

greater va::iation in efficiencY.

There is little to ehoose between the :remaining

ireuristics and indeed, at higher cycle times the largest

candidate pnocedune holds its own.

The heu::istic method. chosen as satisfactory fon the

pnovision of the mixed-model balances nequined as

inputs for: the computer sequencing simulation l^7as the
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ranked positional weight (n.p'w. ) technique. ft was

preferred to method 3,I2(c) on account of better efficiency

and to (d) and (e) on gnounds of comparable efficiency

and greater simplicity. For lange cycle times thene is

little to choose between the r.P.vl. and langest candidate

methods and the latter is significantly simpÌer.

Neventheless, the abitity to change the cnitenion of choice

is often useful, panticularly for special requirements.

This may be done quite arbitrarily with the r.p.\^I.

technique without affecting the parameters of the bal-ance.

In the langest candidate technique task dunation and cnit-

erion of selection ane defined by the same numben and

this pnecludes arbitrany altenations in the cnitenion.

3. t3 Multiple individual balance program ::esults

An algonithm has been successfully developed for

mixed-mode1 balances by the method discussed in Section

3.3.2 of this Chapter. One of the difficulties encountered

in the method is illustrated in figune 11. consider a

I7 station balance. The nange of cycle time over which the

balance solution nemained as a 1? station balance was about

0.02 minutes. This could prove an embar:rassment if the

mixed-model balance solution was L7 stations' However, ín

a 20 station line the loss of pnoductivity from one station

fon a model- of which 20 units were nequined with Product
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cycle time of 2 minutes would be (20 x 2/20 x 480)'

and this entails a dnop in efficiency of less than 0.5%.

The multiple individual balance solution was not

used in the pnactical pnoblem solved in Chapter: 5 because

the nature of the models made the aggnegated task gnouP

method more suitable. However, if thnee itenations ane

allou¡ed per model, the estimated time of the balance fon

15 models of 60 to B0 tasks including detenmination of

r.p.$r. would be about 15 seconds based on results achieved

for three models and the latest modifícations to the

prograam. This is considered to be an accePtabfe speed

of computation.

3.14 S ecial uirements

In almost any assembly line there will be special

nequinements' ExamPles are :-

(i)Aparticulantask(ontasks)thatnequires

to be allocated to a particular station

(on stations).
(ii) A panticulan task (on tasks) that nequines

to be allocated within a panticulan set

(on sets) of stations'

(iii) Tasks that nequire the simultaneous wonk of

two openatons. In onde:r to minimize operaton
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idle time, ít hli1l be desinable that all

such tasks be allocated to a pa::ticular

station on small- gnouP of stations"

( iv) Situation in which no member of a given set

oftasksfrêYronaccountofthenatureofthe
rvork involved, be allocated to the same station

as any member of some other given set of tasks.

It will- often be the case that membens of

some third set of tasks may be al-located

to stations that contain membens fnom eithen

of the two incomPatible sets '

AII these situations are catered for in the balance

program. method used is to associate attributes with

tasks and check befone allocation that the attribute is

pnoperly catered for if ttre allocation takes place. In

genenal, this wil-I call fon evel?y al-location to be checked

for attnibutes, and if the dtnibutes are of different kinds

a whole array of checks may be requined. This is not all

however. The balance parameters may be such that the

nequi:lement specif ied cannot be met ' Fon exampl-e, if

cycl-e time is 3.00 minutes and a given task has predecessors

with combined durations greaten than 3.00 minutes, flo

balanee can be achieved if ttre given task is to be

allocated to station 1. Difficulties of ti'is so::t may
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sometimes be resolve,3 by design changes that permit

suitable rnodifications to l:e made tc precedences' províded

that sucìr. changes are both f.:asible and' acceptable '

In other ìüstances, a.ltiiougìi the special

ncquiz.ernent nay L;e f¿asib1e, t,,.J r'csuits frorn the heuristic

metirod may !,1?evt,iit tire i:alance icinq aci:ievec'

Fon example, values of positional- weights may be such that

unless they are changed some specified station will be

given its full- compJ-ement of work befone a task nequired

to be al10cated to it is even fneed fon all0cation.

In this latter type of instance it will often be

possible to resol-ve the difficulties by arbitnarily

making changes in the values of positional vreights. For

exarnple, if a task is being released fon allocation too late

for a special nequirement to be met, it will often be

sufficient to determine every task that is a predeeessor

of the task concerned and to inc::ease the positional

weight of each of these tasks. The incneases should be

lange enough to ensut?e that these pnedecesson tasks will be

. chosen for all0cation before othen tasks that are in

competition with them.

It may also be possible to achieve some special aims

by introducing additional constnaints within the pnecedence

gnaph. As an example let a set of tasks A be such that its
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members may not be placed in the same station as any

memben of a set of tasks C. Members of a set B may

howeven be placed in a station rvith membens either of A

on of C. If now new arcs a1re included in the precedence

graph in such a manner that eveny memben of B becomes

an immediate successor of every rnemben of A and that evelly

member of C becomes an immediate Successor of eveny memben

of B, then no membeu of C can be all-ocated before any

member of B and no member of B can be allocated before any

rnember: of A. If then it happens that the combined

durations of the members of set B are greater than the cycle

time then the nequirement for sepanating the sets will

always be met.

If the combined duration of the set B is less than the

cycle time then membens of A, B and c may occlr.ll in the

same station and constnaints will be nequined within the

prognam to avoid this possi-bi1ity. Even with this addition

the method provides a sinrple solution of a problem that

would otherwise introduce considerable comPlication into

the program. Sets of þPe B ane helte called seParator sets

and an example of the use of a large separator set is given

in Chapter 5.

In a large assembly openation there may be several

specía1 requirements to be met. If the method of solution
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chosen is to attempt in the Pnogran to cater fon every possi-

ble need, then the pnogr?am will tend to be couPlicated

and difficult to aIter. Also, it is difficult to pnedict

and caten in a Prognam for the full cincumstances of every

Special nequinement and thenefone unplanned prognam changes

are likely to be requined.

consideration of this pnoblem suggests that thene

wil} be a need fon staff associated with the application of

computens to assernbly lines to understand the implications

both as industnial engineens and as computer applications

analysts. Decisions will frequently be nequired as to

whethen in a given situation it I^Ii]l be betten to make

changes in the computen ptlogram or in the physical system

otl in both. Such decisions ane gneatly facilitated if the

person responsible has the training and expenience to

supply ans\^7erâs fnom both the engineening and the computing

standpoints. Funthen, in such conditions the computer

ptlograms can be kept simple which in turn funthen

facilitates the making of any changes that may be

nequined.
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CO¡{PUTER SIMUI.,ATION PROGRAM

4.1 Intnoduction

4 . l-. I Def init ions

It is convenient to present now certain technical-

definitions and explanatony material relevant to the

computen simulation of the assembly line as listed below.

The nomenclatune, in genenal, follows that of vüesten

and Kilbnidge l22J and Thomopoulos t191. The algebraic

notation for the definitions is given in appnopniate

places laten in the ChaPten.

(i) Assembly station

An assembly station is an area in which an

openator is penmitted to canry out his

allocated tasks. In special cincumstances

he may wonk outside the station in the

dinection opposite to the flov¡ of work

(upstream) as far as an uost:ream alloI^¡ance linit

and in the dinection of the wonk flow as far as

a downs tneam allowance limit. The negÍons

outside the station but hTithin these al10wance

limits are called the uPstream and downstneam

allowance regions.

(ii) Masn itude of station and alJowance region

The speed of the assembly line is kept constant
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thnoughout the production shift. As a nesult

it is convenient to measune distances in tenms

of time taken by a pnoduct to move oven them.

Thus the station passaqe time is the time taken

fon a p:roduct to move thnough an assembly

station and upstream and downstneam allowance

times ane times taken by a pnoduct to move

thnough the all-owance regions concenned and ane

measunes of the magnitude of the allowance

ltegl-ons,

(iii) Operaton idle ti¡ne

Openaton idle time occuns when an operaton has

completed his task on one unit and is fonced to

wait befone he can start work on the succeeding

units. Operator idle time is related to the

openator in ¡:. s¡;ecific station

(iv) Utility work

Utility wonk occurs when a wonken neaches the

downstream allowance limit of his station with

his allocated tasks incomplete. He must stop

wonk on neaching this linit and the residue of

his tasks is called utility wonk. Cornpletion

of this wonk will be undertaken by a wonken who

is not allocated to a specific station.



- 70

(v) Congestron

Congestion occutls duning the whole of the

períod that an opeuaton wonks on a Product.

in the dov¡nstneam allowance region of his

station.

(vi) lrlork deficiency

(vii)

hlonk deficiency occuns during the v¡hole of the

peniod that an openaton works on a product in

the upstneam allowance region of his station.

Station penalty wor:k

The expre ssion station penaltv work is used as a

collective expnession nelating to the quantities

defined in (iii) to (vi) above'

All types of station penalty work are f0easuned in

openator-time units (e.g. man-minutes). Thnoughout this

thesis it is assumed that each assembJ-y station is manned

by one operator unless a specific statement is made to the

contnany.

4.1. 2 Pr"evious work

A study of mixed-mode] assembly was presented by tr{esten

and Kilbnidge l22f in 1963. In this it was assumed that work

on each model eould be evenly divided between the assembly

openats¡s, and, fL:çed-interval and vaniable-intenval- launching
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r^tere examined. The fixed-intenval l-aunching I^¡aS shown tO be

sensítive to the sequence in which modeLs vrere fed to the

line. By contrast, in va:¡iable-interval launching the

intenvals could be so anrranged that any Sequence of models

could be accommodated i.rithout difficulty. It was noted,

howeven, that variable-interval launching has the senious

disadvantage that the attainment of the nequired launch

intervals will entail frequent repositioning of pnoduct

camaers.

fn this wonk lrlester and Kilbridge introduced the

concept of congeetion and idle tí¡ne (defined in 4.1.1)' 0f

theseridle time was considened to be the more hanmful, and

an algonithm was formulated that, in the envinonment

of a perfect assembly balance, effectively excl-uded idle

time and neduced congestion to a trivial l-eveI.

The work of Thomopoulos t20l was pnesented in 1966'

and foLlowed on logically aften that of V{ester and Kilbridge

tibid.l. The concepts of itonk deficíeney and utility wo:rk

(defined in 4.1.1-) were intnoduced and a balance method

(based on the same pninciple as that given in Chapten 2.4.5)

r^ras used., in which wonk on a given model was not necessarily

shaned evenly between stations. A mathematical model of an

assembly line together with an algonithm fon genenating an

acceptable sequence of models wag given. This algonithm
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appears to have l-j:nítations in its application and is

discussed in more detail laten in this Chapten.

A sho:rt discussion of assembly line simulation with

stochastic variables is given by A:rcus [1], and Moneno t16l

discusses transient effects in production lines.

The v¡ork preserrted here is deterministic and has more

in common with refenences l22J and l20f than with the

stochastic tr"eatment in references tll and t161.

4.2 The oroblem

The

assembly

cincumstances in v¡hich

Iine is undentaken are

the simul-ation of the

now given.

An assembly*1ine balance will have been obtained by

suitable appì-ication of a balance progllam ( Chapten 3 ). The

infonmation fnom the balance that is tnansmitted to the

simulation will be a statement of hov¡ much wonk is nequined

in each station to complete each model. As an illustnation

let thene be 4 sta-Cions and 3 models, with wonk requirements

as shown in Table 1 beIow.

Tabl-e l-

Il0deI
work
content

9 .17
T2.I3

9.08

Station number" (j)

1234
2.01 4. 01 0 3.15
I.72 2.10 5.14 3,r7
1.56 0 2.20 5.32

Model
number

(n)
I
2
3
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Table 1 shows that, for example, 5.14 man-minutes

of wonk is required in station 3 fon model- 2. The work

dunations are taken as constant throughout the whole of

the shíft, and, their sum for each model over eveny station

as model work content. The station work nequirement is

obtained by finst multiplying each entny in a station

column by the numben ::equined of the relevant model. Then

the sum of the products So obtained for each station is the

station wonk requinement.

The numben of stations present is always known' and

the position and degnee of completion of work of pnoduct

units alneady on the line is known. In balancing the shift

nequinement, the stated nequinement fon the next shift is

used. In pnactice, the days pnoduction wiII compnise

the following:-

(i) completíon ofthe assembly of units not

comPleted in the Preceding shiftt

(ii) complete assembly of the major part of

the shift requirement,

(iii)pantialassernblyofthenemainderofthe

shift nequinement'

Details of (i) above are given as initial values of the

problem, but (ii) and (iii) cannot be separated unless the

seguence of pnoducts is known for the next shift' As
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explained be1ow, this sequence is pant of the problem that

is to be solved by the simulation. fn pnaetice the wonk

content of (i) and Of (iii) above will not differ gneatly

fnom each othen, and the nesults shol^t that it is sufficiently

accut?ate to aJlocate work on the basis of the requinement

of the next shift alone. In the sirnul-ation it is impontant

to take note of the models that ane alneady part assembled

at stant of shift.

Station passage time, and uPstream and downstream

allowance times (see 4.1.1 for- definitions) are known, and

launch intenval is obtainaÞ1e as the quotient of shift

dunation divided by units required j.n tne shift as deterrnined

by the balance Prognam ( see Chapten 3. I ) .' The simul'ation

is canried out in one of ùe following 3 altennative

situations : -

(i) The sequence of product models for the

shift is known.

(íi) The shift nequirement ís known and the simuJator

is nequined to genenate the complete sequenee

of Product models.

(iii) The shift requirement is lnown and a sequence is

given. The pnoblem is tc¡ make neannangements

within this sequence in confonmity with centain

constnaints.
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A solution may be nequired in ci-ncumstanees both

whene concurpency of openations (Chapten 2.2) is

penmitted on whene it is not.

4.3 The mathematical model

4.3.1 Notation

In a shift of duration T minutes n pnoduet units

pi, (i = 1r2,...rn) made up from q diffenent models whene

model type is defined by rn, (m = 1r2r... rQ.) are passed in

turn through À stations Sj, (j = 1r2r...'l). The passage

tíme of a product thnough station j is aj, and t(u)¡ and

t( d) j are the up stneam and downstneam allowance times of

station j (see 4.1"1 for definitions).

Each product must enter and leave each station. we

wnite "ij, 
*ij to denote the times at which entny and exit

nespectívely tal<e Place fon pnoduct i at station j. Also

for each pnoduct i the wonk allocated to station j must be

started and ended, and "ij and uij denote the nelevant

star"t-wonk and end-wonk times nespectively.

The duration of the wo::k allocated to station j for

model m is d^j.

The times at which events take place ane ::eckoned fnom

the instant at which the assembly line stants uP fon the

shift. This is time zero.
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4.3.2 Entny and exit relations

Entnytostationj+lisassumedtooccunsimultaneously
with exit fnom station j. Also exit from station j oceurs

at a time t= after" entny to that station. Vite have therefone
J

*ij = .ij * aj, fon all pnoducts i and all stations j
(1)

.. Q)and *ij = âi,j+l

Let the numben of uncompleted pnoducts at the stant of

shift be r. The position on the line of each of these

pnoducts is specified by giving the exit tj¡ne (nelative to

start of shíft) of each fnom_ the station in which it is

Iocated at start of shift. The last uncompì-eted pnoduct

that entered the line will be located in station 1.

Thenefone xrl is known. Then

anl = xt^I - tI "' (3)

Now the pnoducts are launched at equal intenvals cr and

thenefone

ai+Irj=-ij+c "'(4)

and from eq, (3) and (4) the entry time to the line

of unit (r+1), the finst unit to enten the line during

the shift is

a¡+lrl=arr+c=xr1 t1*c (5)
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ALl the quantities on the night of eq. (5) are given in

the initial conditions and an+lrl is thenefone known.

But with this knowledge eq. (1) and (2) penmit every exit

and entny time of pr:oduct unit (r-+1) to be detenmined.

Funthenmore eq. (+) permits eveny entny time of product

unit (i+t) to be determined fnom corresPoncling entny times

of pnoduct unit i.

In shontr ee. (1) - (5) penmit the exit and entny

time of eveny pnoduet unit to be detenmined. These times

ane in no way affected by what work is done.

4.3.3 Times fon stanting and ending wonk

4. 3 . 3 .I Situati-ons whene concunrent work is permitted

Consider station j, Jf concurrent wonk is penmitted

the openaton in station j will be independent of the wonk

situation in station (j-I). The nules are as follows:-

(i) Openaton j may not stant wonk on unit i befone

he has completed unit (i--I) or befone the time

(a.= t(u)-,), the time at which unit i clrossesr-l l
the upstneam allowance lr.nit of statíon j.

( ii) Operaton j will cease work on unit Í at the time

which is the smallen of ( 
"tj 

* d*j ) and

X.: + t(d).. That is, he will be able to finishr-l l
the tasks by wonking the amount d*j appnopniate
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to the pr"oduct model concerned, unless the

product unit has crossed the downstneam allow-

ance limit at which point he must at once stop

and tnansfen to the next unit.

(iii) If the conditions of (i) above ane met, the

operaton iS assumed to move fnorn one unit to the

next without delaY.

Let Oij, tij, aij and U' be respectively the deficiency

work, openaton idle time, congestion and utility work (see

4.1.1 fon the rreaning of these tenms) fon product unit i in

station j. Ru1es (i), (ii) and (iii) above are no$r applied

to obtain nelationships for oij, tij, aij and U', and for

the start-work time 
"ij 

(see 4.3.1)'

Considen station j. l,lonk on unit (i-l) will have

ceased .a "i-Irj. 
This time may occur befone unit i has

cnossed the upstream allowance límit of station j, on while

unit i is within the negion of the upstream allowance of j 
'

or aften unit i has entened station j. The upstneam

equations diffen in these three instances as follows:-
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* tij "i-l,j å 
[tt:
I 
ot:

(s..
(tl

"i-t ri t(u),

j
- t(u) j

- ¿1 ..
r-J

= t(u)
l

= 4..rl

tij ti-r,j < t(u)i;

"ij ( ti-r 
oj i

(I.. = Q

(al

[ot, = "ij *i-r,j

Itti = ti-r,j

(6)

(7)

(8)

(I
(
(s
(

= D.. = 0rl r-l

- e.r-l r-a I J

I¡trith the stant-wonk time "ij 
known h7e may now develop

furthen equations fon the d,ownstneam situation. Again,

therre are thnee possible situations e concerning in this

instance end-wonk time. They ane that wonk may be incomplete

when the unit pasges the downstream al-lowance linit of the

stationr oF wonk may finish within the downstream allowance

region, o:- within the station itself. The downstream

'& To maintain proPen dimensionality eqgations of this form
shoutd ¡e muitiþfiea by the factôn (f assembly openator).
Pnovided that it is specified that thene is 919- oPePaton
Ë;'ãtãi1ã"-<"" has bèen done here, 4.1.1 (vii)) it is
äonside¡ed both penmissible and cleanen to omit the
facton gÍven above.
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(U 0ij

- t(d)dml -x ij ld*j > *ij + t(d)j, 
[ur, = "ij
(C-,= = t(d)
(tJ
f(̂e.. = x..
( al r-l

0 * .ij * xij < t(d)5,

8..r-l +

tij ( x1¡ I

(C.. = e..
( al r-l
(e.. = s..
(rl 1l

+

j
+ t(d)

- x..r_l

+d
ml

j

(

(U
(
(e
(

c..rl
s..r_l dml

(e)

(10)

(1r)

0ij
ij +

4.3.3.2 Situations when concurtlent wo::k is not penmissible

Vrrhen it is not penmissible for two openatons to wonk

on one pnoduct unit, the nules fon conduct of work ane the

same as those given in 4.3.3.J' (i), (ii) and (iii)' but

in addition a fourth rule is added thus:-

(iv) An operaton in station j (j > f) may not start

work in unit i until the operator in station
(j-1) has completed his task on this same unit i.

Ther"e a::e two nelevant situations with nespect to the

openaton in station (j-1). Finst, he is still wonking on



81

unit i when it entens station j. Second, he completes wonk

on i in the upstream allowance region of station j. The

upstream equations for station j, where j t l, that

conrespond to these situations are:-

"irj-1 ' 
tij ' tnrhere "irj-t 

t ei.-I, j

we have, (r..
(al
(D..
(al

["t,

= "i rj-f ei-t rj
=0

-ij > ei,j_l,.ij - t(*)jr where.irj-t t 
"i-I,j

we have, = tirj-f "i-trj
- cL. . - Ç.l-l ar]-a

ô
a rl -f

"i,i -1

(l-2)

(r3)
(I
(
(D
(
(s
(

ij
ij
ij

4. 3.4 Method of cornputation

The sets of eq. (6) - (13) given above pnovide

recurnence rel-ations fon start-work and end-work times in all

the relevant situations of the simulation, and penmit

computation of the station penalty work panametens oij t

tij, aij and Ur¡ for each product unit in every station in

tenms of start-wonk and end-work times, pnovided that

suitable initial_ values are avaiLable to allow the

recunnence relations to be initiated. These initial values
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ane given as the end-wonk times in the station in which

each unit is, fon all the units left on the line from the

pnevious shift. Considen the uncompleted pnoduct funthest

down the line, with end of work time "1À known. considen

that the next pnoduct is to be found in station (À-1). Then

end of work time 
"2rX_L 

will be an initial condition. t/'lith

"I^ and.2rÀ-I known the start-wonk time of pnoduct 2 in

station À is known. In this way the line is started up.

The quantities that must be known at station j to apply the

necurrence rel-ations to pnoduet i are : -

the end-wonk time of the pneceding pnoduct

(product i-I) in station j' .i-Irj

the end-work tine of the cunrent product

(produet i) in the pneceding station tirj-t

the station passage time aj, the station entry and

exit times .ij and xr' the task duration d*r, and

the station allowances t(u)i and t(d)j.

Of these t, r t(u)i, t(d)j ' d*j ane known

a.,. x.. are obtainable without difficulty fromLJ' r-l
eq. (1) ' (5) and ane model-sequence independent

as alneady explained.

The only quantities that present difficulty are ti-Irj and

ej j r . However, let us compute the progress of pnoduct
arl-a
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(i-1) through all its stations and keep all the "i-lrj.
Then for pnoduct i, provided that we start at station l

and move through the stations in their onder in the

assembly line, the "i_lrj wilt at1 be known. As the

end-work times "ij for product i are computed they are

placed in the position held fonmenly by the ui-trj and

will then be available fon later computations made to

determine the ei+Iri. The quantities .irj-t requined for

computations for pnoduct i in station j are of course

avaiÌabIe from the pneceding station, station (j-1). This

nethod is suitably economical in use of computer Core store.

Special computations ane needed at the teyrnination of

the shift. fn effecting these within the genenal framework

of the method given above, several detailed problems

nequined to be solved. considerable complexity in the

tenminal }ogic was accepted in onden that an exact overall

check could be placed on the computation. This l^7as done by

computing total effort applied in two l^rays as fol-lows.

total effort = (number of assembly stations) x

( shift dunation)

total effont = (nunning total of task dunations)

(running total of utilitY work) +

(running total of idle time)
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If these tvro numbers are not equal ther"e is an

erlror in the computation, which can be identified.

The check has been of great vaLue in dnawing attention

to obscure peculianities of the logic of füe simuLation.

The main output of the simulation comprises the

aggregated idle time r, utility time u, wonk deficiency D

and congestion C whene

l- I. . I n is the number of pnoduct unitsr-l'
handled in the shift

I is the numben of stations

À

Ij=l
n
Ii=l

and U, D and C are obtai¡red f::om Uij' aij and Dt,

similar computations. Station subtotal" Ij' Uj'

ane also necorded whene

by

c Dl jt

I r-l ,andU j' tj' Dl

Various othen detailed computations are

special uses in the conduct of the simulator

not of general intenest.

The mod.el, discussed above is capable of

out a complete computation for a whole shift

ï.l
n
I

i=1
ane given by similan

relations.

made that have

runs but are

carnyang

provided that

the seouence is known and is not requined to be altered.
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ff alterations to the sequence are reguined special

algonithms that ane included in the Program must be used.

These algonithms ane included in the discussion of the

simulation prognam which is novr Pnesented.

4.4 The computer simulation prognam

the nain features of the cornputen simulation Prognam

are shown in figune J-2.

the pants of the Pl?ogram that ane of particulan

interest have in the main been descnibed in 4.3 above' Thus'

the blocks manked A, and A, in figure 12 ane the application

of eq. (1) - (5) above, and blocks manked B, and Bz ane the

application of the sets of €g. (6) (13) above. Block c is

a fainly extensive set of statements that contains the logic

for terminating the computation at a specified or computed

shíft termination time.

The other parts of the pnogram that are cf special

inte:rest are the sequencing algorithrns. Initially, the

usefulness of simple algonithms based on averages I47aS

asSessed. However, these \^Iere found to be wholly unsatis-

factony in instances where unevenness in allocation of tasks

to stations l^ras present. The f inal algor-ithms chosen use the

salne basic pninciple as the silgle algorithm used by

Thomopoulos [19, 20], but diffen significantly fnom this
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algoritlm in irnpor:tant respects,

Thomopoulosr algorithm deter'¡nines for each nemaining

model in eveny station the panametens wor:k deficiency,

idle time, congestion and utility wor"k. Then, a penalty

cost nelated to the tyPe of work ín each station is

associated with each of these panametens, and a total

penalty cost is wonked out fon each model. Finally the

model wíth lowest penalty cost is selected as the next in

the sequence. Because the penalty costs are rel-ated to

actual cOSts, the' ;,¿lnamètEjlls ere not formul-ateU in ,l wav that

facilitates arbitnany Ðaramete? chcf.ng,es designei to

impnove the selections made. Further, the procedure of

al-ways selecting the model with the lowest penalty cost

appears to leave a residue of models with high penalty

costs, that become increasingly difficult to locate in the

sequence as the shift tenmination approaches.

Four algonithms are included in the simulation prognam

descnibed hene to meet the situations of constrained or

unconstnained sequencing in conditions where coflcUlsllêficc of

wonk is penmitted and is not penmitted. The algorithms

a::e descnibed in tunn below.

4.4.1 Sequencing algonithm 1

Sequencing algorithm f(see figure 12) applies when
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concurrent working is pernitted and when there are no

constraints on the positioning of models in the sequence.

The algonithm (in conmon with the other thnee sequencing

algonithms) stants with knowledge of the end-wonk time

in every station for the preceding unit, and with knowledge

of station entry and exit times of the cun:rent product t

togethen with station data and model task dunations. The

objective of the algorithm is to select the model- fon the

next pnoduct to be assembled, The distribution of models in

the production nequirement is given. (The onder of products

already on the line at the start of shift will not, of course'

be changed. ) The algorithm operates as follows:-

(1) Þleasunes ane taken to avoid use of models in excess

of the nequinement.

Q) Un,j and c^j signify the utility wonk and congestion for

the cunnent unit in station j if this curnent unit were

model m. l^lhen concurrent operations alre Permitted, the

idle time and work deficiency associated with the

cunrent unit aue brought about by the end-work time

of the preceding unit and station entny and upstream

allowance times of the cument station. The model we

choose now has no effect on the idle time associated

with tne cunrent unit, but, by the angument just given,
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does affect idle time and wonk deficiency for the

next unit, If we negand I*j and D*j as being

associated with pnoduct i, then tå, and Oå: ane

associated with pnoduct 11+1), ¿¡fl we us€ ti,, and Oå:

as parametens for the selection of the niodel of the

itii prccluct unit in the sequence.

The tåj, OÅj' C^j, U*j ane computed fon each station

then summed, so that an aggregate figure is obtained

for each modelr e.B.

and U^, Cm, D* are detenmined in a corresponding ü¡ay'

Next, a cniterion Lrn j-s developed fon each model whene

L, = aIr + bÐfi + .Crn * dU* (14)

The parametens (a, b, c, d) may be vanied arbitrarily.

Typical values are ( 5, 2 ' I ' 20> . The degnee to

which each of Ît , Då, Crn, U,n influence L^ is dependent

on these values.

(3) Two pnocedunes (i), (ii) are used as follows.

(i) set a switch that chooses procedune (ii) for

jrr
m

T

Ij=tII
m

the next pnoduct unit.

:remain and fon which U

0f these models that

= Q select the one
m
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that has the Ìargest t¿onk content. f f

no remaining model has Urn = 0, select that

which has the lowest wonk content' Continue

with the simulation fon the chosen unit.

(ii) Set a srvitch that chooses procedure (i)

above for the next pnoduct unit' Choose the

model fon which \n i" smallest.

The algorithm just desenibed has been developed by

tnial and error. The philosophy is to obtain a sequence

that is consistent with the values chosen for the panametens

a, b, c, d. For example with the typical values (5, 1, 21 20)

gneat emphasis is placed on avoiding utility work. Idle tine

is held to be objectionable but much mone acceptable than

utility work. Congestion and work deficiency ane mildly

objected to. Although congestion is, here, pneferned to

wonk deficiency, it is given a langer value in orden to bias

the assembly work away from the negion of utility work.

this philosophy is arbitnanily chosen. In situations whene

it is unsuitable it can be remedied by changing the values

of a, b, C, d as reguired. (Thornopoulos LZal uses the costs

of the vanious types of penalty wonk fon a, b, e and d,

?-s Ciscusseci in l+'+ abovç. ) '

The altennate choice of a task of high work content
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followed by one with 1ow value of L* has the necornmendation

that it wonks. (Utilíty work is kept down by the condition

U^ = 0, ) Algonithms were tnied which selected the model

that at each selection minimised Lm. This had the

disadvantage that it tended to keep the low and high wonk

content models until last. Thís fnequently resulted in a

disastrousl.y bad latter end of the sequence.

4.4.2 Sequencing algonithm 2

Sequencing algonithn 2 (see fígune 12) aPPlies when

concur:rent wonking ís not penmitted and when there are no

constraints on the placing of models in the Sequence. The

algorithn differ"s from algonithm 1 sPecifically as follows.

(i) A diffenent significance is given to idle ti¡ne

in L, Fon a situation of no concurrency of
m

wo¡k, the most senious cause of idle time fon

product i in station j is failure by the

openator in station (j-I) to finish his work

on pnoduct i in time to avoid causing the

operaton in station j to wait for hin. ['Ie

thenefone write

L =alrt+bDtr+cC +dU-m-'-mmmm

and eompute Ifi and Oil UV meens of the standard

upstreêrn equations for the current product (and
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(ii)

not for the next product as in algoritfun 1)'

It night be mone logical to take account of Ifi

and Dl as defined fon algonithn I as weJI'
m

However the value of these compared wittr Ifi is,

in general, smafl and they have been neglected'

In the pnocedure that corresponds to pnocedu:re

3(ii) of algonithm (i), an additional condition

of selection is applied. This is that the value

of I¡i must be less than some arbitranily chosen
m

value. An example of a typicaì- value is 1'30

man minutes of idle time.

4.4.3 Sequencing atgonithm 3

sequencing algorithm 3 applies when concurnent wonk

is permitted but thene are constraints on the sequencing as

foIlows. Assume that the assembly tine being sequenced

is a subsidíany line openating in paraLlel with a main

assembly line to which it must suppty assembled units for

incorponation in the product of the main assembly 1ine.

L¿.unch interval 0n both lines is the same. There is

latitude in the system, however, because the subsidiary

line is shonter than the main line, in such a vlay that if

pnoduct i is completed nowo (r-1) other products may be

completed befone it is necessary to load i into the pnoduct

of the main line (e.g. car fnont seats are assembled on



92

the subsidiary line and car bodies on the main line). lt

is called the stack size. Also, the sequence of models in

the main line is known only as fan back as (y+|+lr) etations

fnom the point of loading in the main line. ì, is the

number of stations in the subsidiany line: v is called

the look ahead, As soon as a launch intenval is complete

a unit must be loaded onto the subsidiany Iine. Thus, fon

example, inrespective of stack size, if look ahead is It

thene úliÌl be no choice in what can be loaded because only

one product is known (nandom selections ane not penmitted) '

EquaIIy, innespectivê of size oflook ahead, if stack size is

I thene wilL be no oPPortunity to comPlete any othen

product befone the pnoduct being }oaded onto the subsidiary 1

must Þe loaded into the main line product. The objective

of the sequencing algorithm 3 is to set up a suitable

seguence fnom an existing sequence in the conditions

given above. The existing Sequence represents the main line

sequence and the altenations represent changes from this

sequence which will both be penmissible and wilL facilitate

assembly on the subsidiary line. The procedune is as

follows ¡ -
(I) A sequence of pnoducts fon the shift is given as pant

of the initial values of the pnoblem. Fnom this

sequence a list of length v catled the look ahead list
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is set up and each memben is given a cnedit equal to

rì. Any memben of the liSt v may be chosen to be next

onto the line, Þut when this is done the cnedit of

eveny memben of v that initially pneceded it must be

neduced by 1. Befone any membe:r of the list may

enten the assembly line the cnedit of the finst

membenofthelistmustbechecked.Ifitisl,then
thatmembenmustbenextonline.Ifcreditis

gneaten tha¡r I the selection pnocedune detailed

bel-ow is used.

(Z) L,n is computed by the same proeedure as in sequencing

algorithm 1.

(3) Two pnocedunes (i) and (ii) ane used as follows

( i) A switch is set in such a hTay that procedu:re

(ii) below is used fon the next unit' Then' êD

example of each model pnesent among membens of

thelookaheadlistisconsideredandthe

finst example of the model fon which h, i"

smallest is selected'

(ií) A switeh is set in such a vüay that pnocedune

(i)aboveisusedfonthenextunit.Next,if

the look ahead list contains an example of the

gncatest-work-conteiit model, and if

U*=0'thenthefirstexampleofthatmodelis
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selected. If the fonegoing conditions cannot

be met the finst example of the model in the

look ahead list that has the greatest wonk

content of the models in the Iíst is selected'

4.4.4 Seq uencinq aleonithm 4

Sequencing algorithn 4 applies when concurrent wonk is

not penmitted and when thene are constraints as in 4.4.3

above on the sequencing. The algo:rithm is the same as

sequencing algorithm 3 except in relation to the fol-lowing:-

(i) L^ is computed by the same pnocedure as ín

sequencing algonithm 2 '

(ii) In the pnocedu:re that connesponds to procedure

3(ii) of algonithrn 3, an additional condition

ofse].ectionisapplied.Thisisthatthe

value of rfi must be less than sQme arbitnarily

chosenva}ue¡€.8.l.30manminutesofidletime

4.5 Sinulation test runs

Aften the simulation pnognam had been checked out by a

senies of shont runs with hand checks Some runs v¡ere calrried

out to assess the usefulness of the simulation and to

investigate the penfonmance of the sequencing algonithms'

In onden to keep the cost of the computer runs within bounds
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$rithout sacrificing all nealism the nunning peniod was made

equivalent to approxirnately I ofan I houn shift, and a mix

of 7 models nequining 9 assembly stations was used. lwo

sets of task allocations to stations by nodels elere used

and these are shown in Tables I and 2 of Appendix I. Both

tables are antificially constructed. Table I is intended

to repnesent the nesults of multiple individual balanees

that have been nather unsuccessful in terms of overall

efficiency, ê.g. model t has an overall efficiency of

(2.05 /2.25) = 0.91 and rnodel 7 an ovenall- efficiency of

0.94.(Theal}ocationshavebeenrepeatedingnoupsof
three in this test in the hope that mechanisms of assembly

penformance might be mone easily necognised' ) Table 2

isintendedtonepnesentanaggregatedtaskgnouPbalance

of high efficiency, but in whích allocations ane panticulanly

uneven €.g. model I station 3 has a zer|o nequinement fon

assemblY work.

Fon each input, station-Passage time has been made

to connespond tO the langest entny in the nelevant Tablet

namely3.45min.forTab1eIand4.34min.forTable2.
ForTable2thisgivesanassembly-}inelengthof39.06min.

against a wonk content of 29.38 min. Resutts of simulaton

tests ane now discussed.
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+.5.I Sùnulator test I

simulator test 1 was cannied out with the main aim of

investigating the pe:rfonmance of sequencing algonithrns I and

2 in ea5y circunstances. Subsidiany aims wene to investi-

gate the effect of upstr:eam and downstream allowances on

penfonmance, to cornpane the effect of including and

excluding concurtlent wonk and to examine the effect of

changes in panametens b and c in L* . The values of wonk

deficiencv. idJ-e time" utiljtv wonk and congestion given

in the Tables of Appendix I are the assresated values

summed fon e

above).

t unit over station (see 4.3.4

The main nesults shown by the runs are that

(i) Both sequencing algonithms openated effectively

(see Tabte 3 ) Appendix I). Utility work

was held to a trivial Ievel, and tota] operaton

idle time nanged betv¡een about 6 man minutes

and 33 man minutes in a shift of some L420

man minutes of effont. Tr¿o runs , 01 and 02

in Table 3, Appendix r, have been done with the

hand-prepared sequence shown in Table 4r Appendix

I'sequencel.ThisSequencehasbeenannanged

so that the modeLs ane evenly distnibuted. This

type of annangement has been found to be
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associated with good assembly penfonmancer

Run ? Table 3 Appendix I is companable with

run 0l and shows much impnoved idle tjme

results, Run 13 Table 3 ' Á,PPendix I

is companable with run AZ and penfolrnance

is similan but slightlY htorse.

As expected, pnovided that the seguence of units

is adequate, the shift efficiency for the mixed

assembly is much gneater than that of the best

of the individual balancesof Table I Appendix I
I

e.B. nun ã Table 3 has an efficiency of

(1423.08 5.54)/(1423.08) which is 0'996

appnoximately - an extremely high efficiency

against 0.94 in Table 1.

Operaton idle ti¡ne is insensitive to changes in

upstneam and downstrean alIov¡ance. I¡lork

deficiency (as would be expected) decreases

shanply with decnease in upstream allowance'

Smat1 altenations in the L* Parametens b and c

had littte effect. Compane runs I to 6 and

? to LZ in Table 3 ' APPendix I'

Removal of the facility fon concurrent wonk by

openatons had a most significant effect'
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Compare fon example in Table 3r Appendix It

the idle time of nuns 13, 14, 15 (3I'76'

31.36, 31.16 man minutes) with the idLe time

of nuns 'lt 8' 9 (7.03' 7.03, ?'13 man minutes)'

These runs diffen only in that wonk concunrency

is excluded for nuns 13, 14, 15 and permitted

in nuns 7 t 8, 9.

!,lork congestion incneases significantly with

incnease in downstneam allowance (as would be

expected) and also incneases significantly

with decnease in upstneam allol¡tance' This

latten mechanism is al-so to be expected ' If '
fon example, three consecutive tasks in station

j nesult in x units of rvork deficiency on the

first and y units of congestion on the thirdo

then if üre upstream al1owance time is reduced

by 0.Sminutes, the congestion wiII Þe incneased

by 0.5 man minutes pnovided that there is

sufficient downstneam allowance time to penmit

the increase (if downst::eam allowance time is

insufficient, utility work wil-l aPPear instead)'

Sequence 2 t Table 4, Appendix Í) is an example

of a sequence genenated by algonithm 2 in the

fainly difficult cincumstances of run 18 ' The
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initial altennation of high and low wonk

content models is appanent in the selection

pattenn. The sequence is satisfactory.

4.5.2 Simulator test 2

Simulaton test 2 was cannied out with the same genenal

intention aS for simulaton test 1 descr"ibed above, and the

nesults l^tere substantially similan' Note howeven that

(i) The uneven allocations of test input 2 (Table

2 ) Appendix I) pnesented a more difficult

pnoblem fon tt¡e sequencing algonithms to handle

thandidtestinputl.Inpanticular,theid}e

time fo:r the nuns in Tai¡Ie 5 Apnendixl in which

concurrentwor.kvlaspenmitted(runs1to6)had

valueswitlrinthenange25manminutesto
+2 man minutes. In the companable runs in

simulaton test I (nuns 7 to 12 Ta'ble 3) the

maximum idLe tirne recorded was 8.53 man minutes.

(ii) ,rli tendency is shown fon idle time to incnease

as downstream allowance is neduced' Because

the sequencing algonitnms avoid the incidence

of utility wonk it follows that if downstneam

allowance is reduced congestion will be reduced

also as is very noticeably the case in nuns
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1, 21 3 Table 5, Appendix I for which the

increase in idle tirne just noted is greatest.

As a ::esu1t the openations genenally will tend

to take place more towands the upstnean negion

of the stations, and in centain stations thene

will be a vulnenability to idle time.

(iii) Runs 01 and 02 of Table 5' Appendix f are

obtained fnom the evenly dist::ibuted hand-Pnep-

ar:ed sequence Ir Table 6, Appendix I. The

companable sequenced runs ane runs 1 and

7 Table 5 ' Appendix I. Penfonmance is simil-ar

with the advantage sometine I,;ith the hand-pnepaned

sequence except in utility wonk whene the

automated results are significantly better'

Sequence 2 Tab1e 6' Appendix I shows the

sequence genenated for :run 10 lable 5 t

Appendix f. The sequence shows some

bunching of nesidual high wonk content

models (units 73 to 77).

The penformance of the algorithms although less good

than in the companable instance in test 1 is neventheless

more than adequate. The gneatest idle time is less than 4%

of the effort supplied, and utility wonk at about 5 man

mínutes rnaximum is negligible.
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The result is most encounaging as it suggests that

the very uneven task allocations typicat of aggnegated

task group balances will not pose pnoblems that are too

difficult fon an automatic sequencing algonithm to solve'

4.5.3 S imulaton test 3

Theaimofsimulatontest3wastoconsiderthe

penfonmance of sequencing algonithms 3 and 4' The method

hrasasfo]}ows.Themodel-mixnequirementwasusedas

the basis of a hand produced sequence of products intended

togivePoollresu}ts'ThisI^Tasdonebybunchingproducts

of high work content and of low wonk content in gnoups'

The sequence used with test input 1 is shown in sequence l- t

Table 8, Appendix I' in which it should be noted that

number:s have been allocated to models ín ascending onden

of model wonk-content'

Simulatorrunsh?erecanniedoutfonstacksizeswith

values 4' 6 and I and with look ahead lying between

5 and 16. (Stack size and l-ook ahead are defined and dis-

cussed in 4.4.3 above.) Upstneam and downstream aJlowance

ti¡nes were maintained at 0'50 min' and 1'25 min'

thnoughout the runs of the expeniment' The criterion for

idle time described in section 4.4.4 (ii) above was set

at 1.30 man minutes thnoughout'
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A typical set of nesults is shown in figune 13

fon test input I (Tab}e 1, Appendix I) with concu:rnent

wonking penmitted. Table 7 shows the most significant

results fon input L with concunrent wonk excluded and

fon input 2 (Table 2' Appendix I) in conditions of

inclusion and exclusion of concul?rent work. The

penfonmance in ::uns 1 to 9 in Table 7 are the nesultS of

the openation of sequencing algonithm 3 on thís sequence'

Run 02 is the result when sequence I is applied to the

assembly line and is not modified. The nesults in run I

(and in the other companable instances) ane a significant

irnpnovement on the corresPonding unsequenced nun t llun 02 '

(i) In all instances investigated atgonithms 3 and

4kepttheidletimeandutilitywonkwithin
bounds.Thegneatestvalueofid}etimewas
49.31 man minutes and of utility time was

25.00 man minutes.

(ii) Figure 13 shows cleanly that idle time tends

todecneasewithincneaseinstacksizerand

thistendencyisalsoevidentinTable?for

100k ahead values of I and 16. When 100k ahead

is less than stack size the advantage of

inc¡reased stack size tends to be 10st (as would

be expected).
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(iii) Sequence 2, Table Ir Appendix I shows the

sequence achieved by sequencing algonithm 4

in run 9 of Table 7. The absence of bunching

is associated with the fact the the

rrlook ahead list'r is maintained at a constant

value thnoughout (i.e. it was not tapened

off to zero members in the concluding stages of

the sirnulation).

(iv) Fon test input I there was no nequirement for

utility work. Fon test input 2 thene was some

tendencyforutilitywonktodecneasewith

increaseinstacksíze.Thetnendwasnota

stnong one non pnesent everywhene'

(v) Fon a given input witn a given state of

acceptanceorprohibitionofconcurnentwonk
thenesultswerecompanative}yslowchanging

and appeaned predictable' This suggests

that in a given situation the performance of a

sequencingalgorithmcouldbesignificantly

improved by detail-ed analysis of the effect of

panameterchangeSonassembly-Iinepenfonmance.

centain mone general eonclusions concenning the use of

the simulator program are given in Chapten 6. These more
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general mattens are related to results of the pnactical

application presented in chapten 5 as well as to the

simulator test :resu1ts. It is therefone molle aPPnoPriate

to discuss them in Chapten 6 than here'
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PRACTICAL APPLICATION

5.1 Genenal

In this chapte:: the balance and simulator pnograms

alle applied to a practical assembly-line pnoblem. The aim

of this pnactical application is to prove the method in

the envir.onment of a real assembly line. In additiont

howeven, the oppontunity has been taken to investigate

penfonmance in a vaniety of nealistic conditions and to

neach conclusions, wheneven Possible, that have a genenal

application.

5.2 The pnoblem

The problem studied was the assembly of motor vehicle

fr:ont seats on a small self-contained assembly line. some

15 different models r^¡ere involved in the assembly openation

and included bench seats and bucket seats in vanious

quantities suitable fon private cans, pickup tnucks and

panel vans. The assembly was divided into two main pants.

First, the spning structure of the seat nequired to be

assembled, and was fo]lowed by the assembly of the padding

and seat covens, In this latten pant of the work, the

elemental task durations tended to be quite lar:ge fractions

of the launch inte:rval of the product units'

The seats made on the assembly line nequired to be
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fitted into can bodies that I^lene being assembled concurrently

on another (main) assembly line. This situation wag the

basis of the development of sequencing algonithms 3 and 4

discussed in chapten 4. All the measunements and task

durations used in this Chapter have been taken fnom the

neal situation. It has, howeven¡ fon technical neasons

not been possible to validate the sinrulation by direct

companison with the penformartce of the assembly line.

Neventheless, the main aim of the research is the

investigation of a genenal method and the::efone it is

considered that the omíssion of validation in a specific

situation can be accepted without significant hanm to the

neseanch. This matten is discussed funther in chapten 6'

The wonk content of the diffe:rent models used in the

simulation are shown in Table 3, Appendix II. It will be

noted that the finst four models in Tai:Ie 3 have the same

work content. The reason fon this is that certain wo:rk

that is different in each of these four models is done by

specialist wonkens not employed as general assembly

openatons. Despite the fact that these four models are' for

the punPgses of the pnesent assembly openation' the samet

they have been tneated as sepanate models in onden to

pnovide a more stringent exencise'
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The balance method used was the aggnegated task-grouP

technique (Chapten 3.3.1) and it was anbitranily decided

to balance to 10 stations. Balances !,¡ene made with two

diffe:rent model mixes that I^IeIâe neasonably typíca1 of a

dayts nequinement on the assembly 1ine. The nelevant

nesults obtained. fnom these balances were then applied to

the computen simulation and the performance of the shift was

investigated with vanious panameten values. Fina}ly a thind

balance was made in which methods of alLocation of two-man

tasks v¡ere investigated. The simulation Program does not

contain logic to eter fon two-man stations, and thenefone

no simulaton runs r¡¡ere made in this condition. Some of the

implications of inclusion of two-man stations ane discussed'

5.3 Application with finst model-mix

5. 3.I Combined orecedence snaph

The finst nequirement was the pnepanation of a

combined precedenee gnaph (chapter 2.3.2). this was done by

hand and entailed the pnoduction of individual pnecedence

graphs fon each model. In combining these into one graph

to suit the balance Program the following conditions needed

to be met:-

(i)Nodesnequinedtobenumbenedsothatthey

fonmedacompleteSequenceofthenaturalnumbens
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and so that no node had a numben gneaten than

any of its successors.

(ii) If the díffenence between the numben of a node

and of one of its immediate pnedecessolss r{as

gneaten than 30, a dummy node needed to be

inserted.

(iii) Cane was needed to ensulre that elemental tasks

conmon to mone than one model wene included

only once.

(iv) Every pnecedence lirrk present in the oniginal

pnecedence gnaphs had to be considered for

inelusion in the combined g:raPh.

ft was found conve¡rient to write a small edit program to

check items (i) to (iii) above. The final combined gnaph

contained 191 nodes incl-uding dummies and Èsks set to zeîo

dunation. Pant of this graph íncluding the separaton set

(Chapter 3.14) and, ce:rtain areas of special interest is shown

in figune 14. Pneparation of the graph in the fonm of a

geometrical diagnam (as opposed, fo:r example, to sets of

numbens) was a definite help in the formulation. Table It

Appendix II shows all the elemental task dunations associated

with the combined pnecedence graphs. (The complete list of

tasks has been included in onden to give an idea of the
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magnitude and distnibution of the task dunations. ) TabLe

2, Appendix If illustrates some typical model identification

vectons.

5. 3.2 Computen inputs

The inputs to the balance Program compr:ised the

following: -

(i) Each node and its immediate successon nodes.

These l^tere read in one by one and the

successors were at once written into the

appropriate bit location of a wond allocated

to the Panent node.

(ii) Task e]ement duration associated with each node.

(iii) Production nequirement by models.

(iv) Shift dunation and numben of stations.

(v) Model identification vectors.

5. 3,3 The balance

The method of operation ofthe aggnegated task gnouP

balance prognam has been discussed in detail in Chapten 3.

Tabte 3, Appendix I1 shows the initial model mix. The

inj-tial work content of this mix was 4613.10 man minutes,

and the effort available hTas 4500.00 man minutes (450

minute shift x 10 operatons). The Program reduced the
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¡equirement by successively subtracting one unit of each

model stanting with that with the smallest work content. A

balance was finally achieved aften six units had been

removed and the wonk content of the nequinement was 4l+71.84

man minutes. The final- model mix is also shown in Table 3

of Appendix II. The final wonk content added to the $tonk

content of the units removed should equal the initial work

content. !{e have

4¡+71.84 + 22.5I + 22.5! + 22.5L + 22.5L + 25.15 + 26-07

= 4613. I0

and this is the initial f^7ork content as given above.

In achieving the balance all 191 nodes hlere handl-ed

by the pnogram irrespective of whether they had a dunation

gneaten than zeno or not. The method of splitting task

gt?oups when requined as descnibed in chapter 3 . 3 .1 rntas

inconponated in the program, ande<perience rtith it is

discussed beLow. the balance achieved is shown in Table 4,

Appendix Ir, by statíon totals. The ovenal-I balance

efficiency is veny high at 0.994. This was achieved mainly

on account of the lange numben of alternative tasks

avail-able owing to the natu:re of the precedence constraints,

and only to a Smal1 extent because of task gnouP spJ-itting

noted above. In fact only one split stas Plresent , between
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stations 2 and 3. Relevant parts of the balance to

illustnate this are shown in Table 5, Appendix II. The

panticulan fonm of the splitting algonithm used in this

vension of the balance program operated as fol-Ìows.

Considen the situation in station 2 as shown in Table

5, Appendix II. Aften aLlocation of task grouP 16 the

algorithn neaahes the end of the active list without being

able to make a funthen allocation. Accondingly it takes

the task group of ninimum Positional weíg1-rt (i'e' the

last gnoup to be tested for allocation), which in this

instance is task group 12. The adjusted value of task gnouP

magnitude is 6533 man minutes. (This value is obtained

fnonr the values eomputed aften adjustment of model requine-

ment befone each balance itenation. ) Station residue is

(450O0 44S0I) = rt99 man minutes. The algonithm examines

models in incneasing onden of wonk content. The finst model

is model 1 and ther"e are 3 units of this model. Task element

dunation is 0.47 man minutes, and therefone the magnitude of

effont nequired fon these 3 units is l-.41man minutes' 3 unitt

of model 2 add 1.4I man minutes and I unit of model 3 adds

0.47 man minutes giving 3.29 man minutes all told. The 5

units of model 4 have a magnitude greaten than (4.99 - 3,27)

= )-,72 man minutes and thenefore cannot be allocated to statio

2. Aften allocating 3.29 man minutes to station 2, the
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program allocates the nesidue of task gnoup 12 to station

3 and then pnoceeds with allocation to station 3 in the

ondinany I^¡aY.

The separaton set, figune 14, openated effectively

and alloeated tasks 60, 65, 6I, 66, 67r 64, 69, 72r 70t

63, 78 to the last 11 places in station 4 and tasks 62, 74,

761 73r 77r 75r 7!r 68 to the finst eight places of station

5, thus separating columns A and C figure 1+'

Table 6, Appendix II shows the allocations of wonk to

stations by model as computed by the balance Prognamt

togethen with the station Passage times al}otted. The

distnibution of all0cations of work is so uneven that it

would be impnactical to make all station passage times

equal, as was done in the simulation tests. The assembly

Iinepassagetimeis53.o0minutes'andthegreatestmodel

work conte¡t is 43.93 rnan minuteS, giving a ratio 53'00/43'93

orl 1.21. This ratio could have been reduced, but some

latitude was considered desinable fon the finst application'

5.3.4 Simulator runs

simutator runs similan.to those made in the tests

neponted in chapten 4, but ]ess extensive, IÁIene then made'

using the allocations of work shown in Table 6 r Appendix II'

A hand distnibuted sequence (intended to be neasonably
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evenly distnibuted) h7as used fo:r unsequenced nuns and for

sequencing under constraint. This sequence is sequence I

of Table 7, Appendix Ir. The nesults of the simulator lluns

ane given in Tab1es 7, I and 9 of Appendix II' Table 7

gives nesults of sequence genenation, Table I deals with

assembly penfonmance in terms of v¡onk deficiency, idle time,

utility work and congestion, and Tab1e 9 shows the

distnibution of idle time and utility work for different

nuns over the thnee stations that showed on averaget the

highest values of these two quantities. In these Tables'

runs I to 12 relate to unconstnained sequencing, with and

without concurrent wonk; runs l-3 to t8 nelate to constnained

sequencing,againwithandwithoutconcurrentwonk.Run19

is a simulation done with the sequence of models shown in

Sequence I r Table 'l , APPendix II '

Comments on the nesults ane as follows:-

(i)Thesequencingalgorithmshaveachievedstable

resu}tsinallruns.Companisonofnunlwith
nun 19 shows that penfonmance with the

algonithrn-genenated sequence is supenion to that

withthehand-pneparedsequenceinregandto

eveny panameten necorded in Table Bt Appendix II'

The advantage is significant in negard to idle

time but panticulanly significant in negand
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to utility wonk whene the comparison is

3.80 man minutes to 39.63 man minutes'

\,rlhen utility v¡onk is present assessment of

efficiency Presents difficulty. If, as a guide,

utility wonk is taken as equivalent to idle

time for purposes of computing efficiency ' then

the efficiency of :run I is about 0'985 and of

run I1r the wonst llun' is about 0.925'

A manked advantage is obtained by pernitting

wonk to be done concurrently as shown by the

results both fon unconstnained sequencing (nuns

1 to L2, Table I ' APPendix II) and fon

constrained sequencing (runs 13 to 18, Table 8 '
Appendix II).

The results with unconstrained sequencing show

a considenable sensitívity to changes in upstream

and downstream allowance times' The genenal

tnend is fon performance to deteniorate

as the sum of upstneam and downstream allowance

time is neduced. Run 12 Table B howeven'

revenses this tnend quite noticeably'

The nesults wittr sequencing under constraint

(nuns l-3 to 18, Table B' Appendix II) show
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insensitivity to changes in look ahead

magnitude.

Sequence 2, Tabl-e 7 ' Appendix II is the

automatically generated sequence associated

with nun 1, the nun that gave the best

penfonmance in Table 8. the sequence seems

good except for the bunching of 4 units of

model 9 in the last foun places in the sequence.

The conditions that bning this bunching about

are artificial, fon the following reason. The

sequencing algonithm has, at the start, a list

of 151 units (169 required - 18 already on the

line) to choose fnom. For the }Slst selection

this list has been neduced to a length of I unit.

In practice it would probably be acceptable

to permit a few of the models required in the

next shift to be dnawn on to pnovide good

terminal conditions in the curuent shift. The

sequencing under constnaint has been annanged

in this vlay (i.e. the look ahead list is kept

full- of units thnoughout the sequencing) and

as a result betten distnibution is obtained

at the end of the sequences than with the

unconstrained sequencing. Sequence 5 of Table 7
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Appendix fI is an example of final models

in a constnained sequence, while sequences

3 and 4 of the same Table ane two of the

tronst examples of bunching fon unconstnained

sequences. If some choice can be given to

the sequencing algor.ithms in unconstrained

sequencing when the last few models are being

selected, assembly efficiencies would be

impnoved. The efficiency of the next shift

would not be significantly neduced by this

pnocedune.

Table I, Appendix II shows the distnibution

of idle time and utility wo::k over the thnee

stations that r oD avellage, had the highest

values of these two quantities. The nesults

ane notewonthy, fon they show cleanly that the

pa,ttenn of distnibution of idle time and

utility work is nelated to the sequencing

method used. Thus the distnibutions in r:uns 1

to 6 done with sequencing algonithm I nesemble

each other, but show a shanp diffenence fnom

those in nuns 7 to 12 done with sequencíng

algonithm 2. The distnibutions in runs 13 to 15
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done with sequencing algonithm 3 nesemble

closely the distnibutions of runs 16 to 18

done with the sequencing algorithn 4 but

diffen considenably fnom distnibutions in

runs I to 6 and 6 to L2. Finalì-Y, the

distribution associated rvith nun 19, the

hand-pnepaned sequence, is diffenent again.

The impontance of these r"esults is that

they show that, in one instance at leastt

the incidence of penalty wonk cannot be gauged

by a study of the allocations of work to

stations by rnodels (e.8. Table 6r Appendix II).

lGrowledge of which stations will bean the bnunt

of the idle time and utility work will be of

considenable value in the planning of assembly

openations.

5.4 Application with second model-mix

5.4.1 The balance

The task dunations, combined precedence gnaph and model

identifícation vectons used wene the same as for the first

model-mix: except whene specific statements ane made to the

contnany. The initial and final model-mixes are shown in

Table 10, Appendix II and the balance achieved is shown in

Table 11, Appendix fI.
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One of the aims in this balance application was to

investigate the possibility of smoothing the allocation of

work to stations by manipulation of the precedence gnaph

through changes in the positional weights. An unsatisfactony

feature of the fi:rst balance was the allocation of 9. 16

man minutes of wonk to station 6 fon model 15 (Table 6!

Appendix II). Analysis showed that the cause of this hras

the al-location to statíon 6 of task grouPs associated v¡ith

the elemental tasks 130' 13I and 133 (see figune 14).

In orden to investigate methods of modifying this situation

it was assumed that it would be physically feasible to

nearrange the method of manufacture so that task 133 became

a task with no successons (tfre errgineening feasibility of

doing this was not taken i-nto account). This entailed the

nernoval of the arc (133, 134) in figure 14. Next, the

positional weights of nodes l-30, 131 and 133 wene anbítnanily

changed with the aim of locating thern in station 9. In the

bal_ance, the desired nelocation was achieved, and the

aJlocation of work by models to stations is shown in Table Lz

which also shows station passage tímes al-lotted. The

allocation of work is noticeably molre even than with the

finst model-mix. Also, the latitude (c.f. Table 6'

Appendix II) in station passage ti¡.ies has been, i. effectt

removed. The total assembly passage time was 50.50

and the :ratio of total PaSSage time to greatest wonk content
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was 1.14. The balance achieved is shown in Table 11.

The efficiency hras 0,989, an excellent :result, which was

achieved without any task-group splitting.

5.4.2 Simulatoll runs

Table 13, Appendix II shows the nesults of L7

simulator runs with the second model-mix. The shift

duration was 30 minutes gr"eater than with the first model-

mix. The resul-ts obtained are similar. The best runs fon

model-mix l- (u.g. nun I Table 8) vrere noticeably betten

than the best runs for model-mix 2 (e,g. ?un 1 Tab1e 13).

However, fot" the wonst r"uns , model-mix 2 gave the betten

nesults (c.f. uun 10 Table 13 and nun 9 Table B)'

The distnibution of idle time and r-üility work over stations

was mone even with model-mix 2 (as would have been expected

because of the more even aLlocation of wonk to stations)

and did not exhibit the cleanly necognizable pattenns

noted i^rith model-mix 1 (Table 9' Appendix II)'

The sequences genellated by the sequencing algorithms

wel?e in genenal similar to those fon mc,dcl-rnix I r but

thene was less tendency for bunching of model 9 at the

end of the sequences.

The most intenesting nesult of the runs is the veny

great genenal similarity of penformance of the assembly
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l-ine with a significantly different nodel-mix.

5.5 Application with two-man tasks

Centain tasks in the combined pnecedence gnaph ane

tasks that nequine to be done by two men working togethen.

These tasks have purposely been treated to date as ís

if they had been one-man tasks, because the inclusion of

two-man tasks would have obscuned certain of the main

issues being investigated. Howeven, now that the nain

material on assembly-line penformance has been obtained it

is of interest to conside:: Some of the implications of the

presence of two-man tasks in an assembly openation.

If there ane several tv¡o-man tasks it wil} be desinable

to collect them all into as few statíons aS possible, since

stations where such tasks occur will need to be manned by

two men. If concurllency of work is not penmi-tted , then a

scattered allocation of ttnio-rnall tasks r^¡ill -¡e pa::ti-

cularly narmful to efficienclz' sÍngIe-man tasks

allocated to a two-rnan station in such circumstances

bning with thern a content of idle ti¡ne equal to their own

work content, fon the second openator in the station must

stand idle until- they ane complete. However, in these

conditions of pnohibition cf wor"k concunnencY: a balance can

be computed in the usual way after minon program modifi-

cations. Funthen, if no facility exists in the Plrogram'
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allowance may be made fon the two-man tasks by simple

hand adjustments.

Tf concurrent wcnking is always permitted the need

to ensure the concentration of two-man tasks into as few

stations as possible is not so pnessing. However,

special arnangements must be made in the balance program

tc alJow fon the presence in each two-man station of

two openators both of whom may do single-man tasks

simultaneously.

If ce::tain combinations of tasks can be done

concurrently and certa,in othens not, a considenable degree

of added complication,nust be introduced to the pnogram

if it is to solve the balance pnoblern in a general way.

Here, the assumption has been made that no concunrent

wo::k is penmissibJ-e and the following elemental tasks

ane declaned two-men tasks: 118, 129,' I32' 134' 138 to

148, 154, 157 to 164. The task dunation on the precedence

diagnam nor¡ relates to two men e.g' the dunation 0.48

nequined for task 118 nor^I signifies that two men ane

nequired fon 0.48 minutes each.

Study of the combined pnecedence gnaph suggested that

plroper manning coul-d be achieved so1eIy by changes in

group-positional weigl'rts , and the changes shown in Table 14
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r/rene made. The nelevant pants of the balance achieved

ane shov¡n in Table 15. As shol^ln, the tasks spread over

four stations, but the pontion of task gnoup 118 that is

in station 6 may be moved to station 7 rvithout infninging

precedences. The content of station 7 would tiren be too

great, but task group 120 may be pushed down into station I

wittr impunity, and the allocation of all the two-man tasks

to thnee stations is achieved.

lrlithout inclusion of the changes in positional- weights

noted above the two-man tasks hrere distributed oven 4

stations in a way that made hand adjustment impracticabl'e.

It is of interest to note that, fon the cincumstances of

this example, if thnee double:stations are sufficient, the

total idleness incneases from the ten single-station value

of 50.50 man minutes to 449.82 man minutes. The ovenall

balance efficiency drops fnom 0.989 to 0..928. If foun

double stations are necessary, the idleness beeomes 929,82

man minutes and overall balance efficiency faI1s to 0.86.
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CHAPTER 6. DISCUSSION

6.1 Genenal

In the fonegoing Chaptens a method has been developed

fon the planning and contnol of assembly openations in a

mixed-model- environment. The method Ïras been to allocate

wonk associated v¡ith diffenent models of a product to a

group of openatons, and then against a given requínement

of models to generate automatically sequences of product

units suitable fon application to the assembly line.

In all-ocating the work two main alternatives are

offered. 0n the one hand, the wonk of each model can

be evenly divided between stations. This approach has

the se::ious disadvantage that the same task present in

different models may be allocated to different stations,

calling for a pnolifenation of skitls among assembly oPeP-

atons. The othen alternati-ve depends on collecting together

f::om each model every exarnple of some given task and

allocating it in one packet to a given operaton. This

has the immediate disadvantage that it increases the length

of the assembly line and hence incneases investment in

inventory. It can also Produce a grossly uneven allocation

of the üÌork content of a given model to the stations. It

was suspected that in the circumstances of these uneven

allocations it would be a matter of gneat difficulty to
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provide a product sequence that would penmit the assembly

to be even manginally efficient.

Howeven, despite unevel allocat |oi, it has been shov¡n

tlrat v¡i-tir cons-tarrt tas,< durations , effective sequences

may be developed. These sequences are genenated by

means of a computen sinulation of a fairty detailed kindt

and this tool, togethen with a balance Program to allocate

the wonk to the assembly stations can solve the problem

of how many stations are needed fon a given mixed-model

requirement. The most effective sequences are genenated

in conditions where assemblV wonkens may move out of their

stations by a distance equal to about one third of the

length of their stations downstrearn and by a sma]len amount

upstream" Furthen, in conditions of uneven allocation

of wonk the length of assembly stations must be tailoned

to the work allocated unl-ess a considenable increase in

line length is acceptable.

6.2 Concurnence of work

Analysis of the nesults of computer simulatíons of

assembly operations 1ed to intenesting conclusions, which

have been discussed in detail in the thesis. In particulan

the simulaton resul-ts established that the most important

factor affecting assembly perfonmance is whethe:r on not
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concurrent wor"king is per"missible. A certain amount

of downstream working is, in practice, unavoidable with

uneven wonk allocations. Then, if it is important to

nestnict the leng'th of the assembly line, this downstream

wonking will take place in the next station. Here, mainly

because of uneven wor:k allocations, it will often happen

that the wonken in the downstrearn station is ready to

start work. If, because concurrent rvorking is not

penmissible, he must ¡rait until the operator before him

in the ]ine has finished his task, much idle time wiII

be involved.

In the simulation it has been assumed eithe:r that

concuruent working is always possibl-e or that it is not.

There v¡il-] obviously be cíncumstances in pnactieal work

wher"e concunlaence of work is only sometimes penmissible.

If mattens can be annanged in such a hlay that ecnoss the

boundaries of certain pairs of stations concurrent wonk

may always take place and across others it may neven take

p1ace, then the computer simulation desc::ibed in this

thesis would be sufficient aften minon modifications' If

howeve:: eveny time the question of concurrence anose all

the possible ccmbinations of tasks had b be checked

thnough, the simulator program would be gneatly incr"eased

in conplexity. This is a serious disadvantage and is
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discussed later in anothen context.

If it is assumed that the aim in industniaÌ engineening

is to pnoduce wonk of an acceptable standand as cheaply as

possible, then two important pninciples eneuge fnom the

foregoing discussion. The finst is that it may be cheaper

to pay fon the redesign of centain assemblies to incnease

the content of tasks that may be done concunrently than to

accept inefficient assembly openations bnought about by

existing inadequacy in design. The second is that the

planning of openations is an item that must be paid fon,

and it will be wonth examíning the nelatíve costs of

aecepting a lowen standand of assembly efficiency in

onder to sirnplify the planning and Ìence reduce its costs.

It is considered that the rnatter of concurrence cf

wo::k and its relations with engineening design and with the

planning of assenbly operations is an alrea fon furthen

neseanch.

6.3. Prediction of assembly penformance

The next important general matten that came out of

the simulator studies I^Ias that throughout the nunning the

penfonmance of the assembly line vanied companatively

s1ow1y with changes in panametens. In the conditions

used in the simulator runs there l^Iere no instances of
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gnossly non-linear performance. Thene is good ueason'

the::efone, to negard an assembly line simulation as a

neliable tool fon pnedicting assembly line perfonmance.

Furthen, it seems probable ttrat as knovrledge is gained

of the behavioun of a particulan assembly l-ine it will

be possible to use the simulation to incneasingly good

effect.

There ane two aspects to the use of a simulator in

these circumstances. The first is to use it as a tool

that, in the given conditions, will dete::mine the correct

numben of openatons to employ ano that wil-l specify a

suitable seguence of models to be fed to them. Hohrever,

as confidence in a simulation is built up it will be

possible to use it to identify weaknesses in the given

conditions, and from the results of the simulation alone

to initiate action to modify these conditions.

This impontant function of identifying weaknesses

is nel-ated to the degnee of detail in which it is necessany

to ca?ry out the simulation if useful results are to be

obtained. The sirnulator resul-ts showed, fon example, that

the distribution of wonk over stations was affected in an

impontant way by the sequence of units,. Further, it

appeal:ed that the mode of detailed behavioun would adhene
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to the same genenal pattern over smal-I changes, but

woul-d change significantly if rnajon changes $rere made in

the conditions. It is thenefore important fon the

simulation to be sufficiently detailed to :retain these

pattenns of behaviour. Fon example, exclusion fnom the

simulation of a facility for dealing with the pantly

completed models of the pneceding shift coul-d easíIy lead

to detailed errors in distribution of utility wonk and

idle time, although the sinulation might give a reasonably

good representation of the overall efficiency of the

assembly operation.

It follows from the anguments pnesented above that it

is impontant to caruy out a detailed validation of an

assembly tine simulation. In orden to do this, ít is

finst necessary to have an exact knowledge of the conditions

of the assembly, including stochastic vaniations in

achieved task dunations, information on concurrence of work,

and full details of special nequinements. Next a detaiLed

computen simulation program is nequired that inconporates

all these data in sufficient detail. Final1y, aruangements

are r¡ecessary to measune the assembly-line perfonmance

in the detail needed fon comparisons to be made between

simulator results and actual- performance. The way in which

the qualified pensonnel chosen to undentake such wonk should
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be onganized is an impontant matter, which is discussed

laten in more detai].

The stochastic variations in the task dunations

may pose a difficult pnobLem. ff the var:iance of these

tasks is smaII, then behavioun offüe simulated assembly

line may show l-ittle difference between two runs done

with diffenent samples of task dunation drawn from the

same population. Howeven, if the vaniance in task dunation

is lange the whole behaviour pattern of the line may

alten, and detailed findings fon one nun may have no

application to the next. This is a most impontant anea

fon furthen r.esearch.

6.4 Speed and practicability of computations

In onden that ltre automated planning techniques

discussed above may be implemented, it is essential that

the computen pnograms shalI be fast enough to keep costs

within bounds and that it shal1 be a practical proposition

to apply them to the problem to be solved.

The following figures wiLl serve as a general guide

fon speed of computation with the CDC 6400 computer: as

install-ed at the Univensity of Adelaide. If the aggregated

task group balance method is used, a single itenation of a

balanee allocation for 15 sixty-task models can be made in



t30

about 0.5 seconds. This entails a balance fon Some 190

aggregated task gnouPs. The ensuing simulation of an

B hour shift fon the assembly of these 15 models, using

10 stations, takes about 3 seconds. These speeds are

considered well within the requir:ements, and it will be

of value to assess the pnobable perfonmance with a bigger

pnoblem.

Consider therefone an assembly line designed to

caten fon 20 significantly diffenent models each containing

about 600 elemental- tasks. If high speed is to be

obtained it is impontant fon alL the problem data to be

held simul-taneously in the i¡nmediate access storage of the

computer. For the balance Pnogram, assuming 60-bit words

and the same puogram organization as that given in this

thesis requinenents for stor:age would be as follows:-

[¡Jords

Two precedence matnices (fon both) 4000
Mode1 identification vectors 2000
Elemental task dunation ) HoId v¡ithin spar sÞace in
Positional weights ) v"'ords of precedence matr^lces
Task group durations 2000
othen-varlables 2ooo
Pnogram and computen s.stem

nequinements ( say) 10000

Total 20000

The total stor.age nequired is about 2A 1000 u'ords which is

welt within the capacity of typical medium/lange computer
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systems, Fon the simulationsr the requinements fon

stonage would be less onerous that fon the baLance

program. Computen stonage nequinements therefore would

not pnesent a senious pnoblem, pnovided that the bit-by-bit

packing techniques discussed in the thesis were used. {s

The design of the balance program is such that the

time requined for computation should be in a noughly

linear nelation to the numben of aggnegated task grouPs,

It would thenefo::e be neasonable to expect the balance

to take Some 5 seconds, Fon the simulation, provided that

the numben of models is about the same, a similar linean

nelation would app1y. Double the number of models would

pnobably incnease the iomputational time by a facton of

nearly 2. A single nun for the 600 task aSsembly line

could therefone be expected to take between 30 Secgnds and

I minute. Pnovided that this one run I^tas sufficient (as it

coul-d be if, task duration vaniance was small) the costs of

the computation would not be heavy. However, if task

dunation vaniance was large thene would be a veny reaÌ

pnoblem of computing costs to be solved. The ansr¡¡er to this

It is wonth noting that the bit-by-bit packaging tech-
niques reconmendeã here have a direct application to the
computen solution of critieal path netwonk pnoblems,
par?iiculanly when they are chanacterised by activity-
on-node netwonks.
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ptsobl-em will not come fnom a single validation oPeration.

Research is requined into assembly task duration vaniance

and its effects in different industries, and into methods

fon neducing this var:iance and its effects.

6.5 Onsanization for planning of assembly operations

In onden to carr:y out the wonk required for this

thesis a set of computen pnograms containing some 3500

FORTRAI,I statements (excluding comments statements) has been

written. This has entailed the use of some 2 hours of

central processon time and 45 hours of periphenal processoll

time on the CDC 6+00 computer: and some 700 neturns to the

computen in the development of the prognêrns. Despite this

considerable anount of wonk, the pnograrns cover only a

limited numben of the options possible in a limited assembly

envinonment, /¡, ful1 scale package, if it wene a Possibilityt

that covered everôy possible vaniation in assembly techniques

and in special assembly nequirernents would be So lange and

cumbensome that it would be impnacticable to use it. One

obvious altennative would be for individual industnial

onganizations to attempt to devel-op thein or^7n softwane.

The difficulty of this appnoach is that it would tend to

necneate in miniature solne of the iisadvantages of the

lange package discussed above, as follows. In genera], it
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can be expected that the pnogramming staff employed on

softwane development of this kind would be skilled in

computing but not farnil-iar with the details of the

assembly openations involved. As a result there would

again be a tendency to develop a Prognam package of wide

application. The most pnobable outcome of this approach

would be a cornplicated prograrn that would be difficult and

costly to run, but woulC yet fail to caten for al1 the

optional nequiz.ements of the various assembly operations.

The usual fate of such prognarns is to be left unused.

rf a single person hTas available who had the clouble

qualification that he was familian with and fully

undenstood the engineering processes of some assembly líne

and if he was al-so a skilled computer prognanmer then the

problem could be solved. Tt would be a comPal?atively

simpJ-e rnatter for such a pellson to take basic balance and

simul-ation programs and develop them to suit the exact

nequirements of a given assembly operation. Tn short, the

nequínement is for a trained and experienced industnial

engineer who also is trained and expenieneed in the

application of computens to assembly problems.

It also appeans that the contnol of such personnel

would be a matter" fon Senior men in the industrial engineen-
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ing part of an onganization and not in its computing

depantment. It is concluded that thene is a real and

ungent need for competent industrial engineens to be

tnained in the techniques of applying computers to

industnial pnoblems in general and to assembly openations

in panticular.

In conclusion, it seems pnobabl-e that industnial

pnocesses witl become more complicated and that the costs

of computen hire will- fall. This is an environment

in which the use of computers in planning and control of

industnial operations wil] become incneasingly attnactive.

It appears impontant that pnoperly tnained people should

be available to exploit this oppontunity.
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Tab1e I. Allocations of v"rork to stations models,
. SIMU aon DU

I"fodel I

2 .25
2.ls
2. 50
2,85
2.60
2.95
3.45

3

1.85
2.35
2.70
2"45
2.BO
î 'tE

3.05

7

2.25
2.15
2. 50
2.85
2 ,60
2.95
3.45

B I2

Station numben
4i6

2.45
2.80
3.15
3.05

I
2
?

4
5

6
7

2. 05
2.55
2.30
2.65
3.00
2.75
3.25

2.25
2.15
2.50
2. B5
2,60
2.95
3.45

2.05
2. 55
2.30
2 " 65
3.00
2.75
3.25

1.85
2.35
2.7 0

2 .45
2.80
3.15
3.05

2. 05
2.5s
2.30
2. 65
3.00
2.7 5

3 .25

1.Bs
2.35
2.7 0

Table 2. A11ocations of t¡ork to stations models
s u l_on DU

Model
1

3 .43
2.33
2.33
2 .33
1.11
2 .08
3.24

2 ?
Station number
456 7 B 9

I
2
3
4
5
6
7

2. 63
2.46
1. 82
1.99
2.80
3.14
3.14

0. 00
2.+6
2 .29
3.36
4.34
4.17
4.17

0. 08
1.88
3.17
2.88
4.04
4. 04
4.04

1.4t-
2 .52
2 .52
2. 81
3. 09
3 .41
3.41

2.4I
1.69
2 .37
2 .37
3.09

0.93
2. 55
3.76
3 .32
4 ,22
3.00
2.38

2.97
2 .97
2 .07
2 .07
1.45
2.35
3.38

2.80
1.98
1.98
1.98
t. B5
2.80
2.39

3.07
3.23
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Tabl,e 3 " Simu1a -tor tels-t- .l-" no sequerrcing coirstrai-rlt

-Êimul¿-bíon inpu t I used throughou't: a=5, d=2û * thror:gliout.

ïes
No
V+e

Yes
Yes
Yes
Yes
Yes

Yes

Ye¡ s
ì\T n

i\ru
hlo
I'io
lla
l'io

t
I
"l
-L

_ì.

.L

I
1
I
J.

I
I
1
"l

ì
i"
I
I
1
1
I

1

I
I
l.
J.

l"
1
1.

i-
l_

1
f

]
't
-L

I
1
1"

I
l¿
:t.

n r.n

ri" {i0
ú. 50
0. 50
û.5ü
ii- 25
rì ôq

t" 25

0" 50
0.50
0" 25
0.25
c.25
0. 50
rl" 50
0" 50
v " ¿e
CI.2å
r.25

1" 50
1-.5ü
1" 5t
r.25
i.. ûfi
-L* i Ð

1", 50
I 1C
-l (n

i" ?5
I. ûCI

i.. SCI

1. 2,r.'

r.5C
I cri
1" r0
1.7S
1,50
.1.. 7 5

/-

2

Cl

{J

t
il
û

0

2
?_

¿
âL
2

t1
L

L
/')

29.25
31.29

5.54
c. ¿Y
Ê. n-t

6.?8
7 " 5Li
b.g8
7.03
7.03
7 " r"3L53
r:Ì Rî

i) (1\

31" 76
31.36
31.18
3¿.Í¿
JJ.l_4

32 .92

l.CIr.i. Ï+
8'¡.5?
33.79
10 T?üll: I rt

r{i_"3s
14"2s
a al 4EJ-Ó, 1I
r9.50
40"85
38.92
34.87
?r4"10
20. BB
21"8+
¿\Ð ô^¿ / . ç¡U

28.24
1A ?Ir

l2.B3
l?.s3
l-2 - 83

5.30
6.3rì

'i-?? , 11?_

:1.7T.54
1')q )?
263.28
?û3.14
"Li¡s " 

gÉì
ì r^rf tlFt
.j.i.a/.J/

Liti+. slj
l"trS, ti
2i7,89
i98 " 1B
1ti 8 " 1.7
132 . l-?

co 1ÍìþJr UU-

7û.:,5
199.57
1?ù 9q
J-¿ ¿ a - t

124. b5

0 " ûû
û. 0û
U. Llu
0. 1û
0 " t2
ri . iÌ0
fj. ûc
G. û0
Lì. OT
(-1 . il0
(1. Dû
0, rJo

0. 0c
0"tc
0.û0
CI. ilo
0. û0
0.00
0.ûr)
c¡ .0û

Ldl-e
ti-ne

Ç.fork
de-f ic-
iency

gest ion
Cci:-Uti.lÍty

wol'k

C+n*
curÏ'eÌt-t
h¡t:r.P.

up-
stre¡am"
¡rl.lo¡v -
d,nce
(;rr in - )

Ir
Te st
inpu'i;
nunþer,

Jfû!iil-
5tf'e*il:t
al"l.ow*
ã.nce
(min " )

Iìesul,"Ls {inan mi::utes }

Run Iiemarks

No sec¡trencing
appiied
S *,:luenced

t1
Lt2

l.
2
a

+

6
,7

IJ

g

I0
Ii
T2
13
1.4

is
LI
]A

l¡
It

It

il
t!
It

ll
fi
t?

ll
ll
It

il
It

tt

Sta.t.io.li i:as1êge'timeSlhíft cluration
F-.ffort errPPlied
l-,aunch in';eF./äi
I.iix by moclels

min " ( **¡ffie for: eacli sitation)?

15
l4
o
Zt nan.

45
ö.
na
68

12 n'r"i-n '
" 0I mirr.

10(1), 5.t"'uncomp le )" I5(?)' ?(k), 6(5),.'7(6).,.9(7)
tilti u¡ìrts tî'om'prececling sliift.
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Table 4. Simulaton Test I, Sequences

Sequence 1. Hand pnepaned, eve4ly distnibuted sequence
usea ás Ínout for nuns 01, 02, Tabl-e 3

Position of
units in the
sequence

Models in the sequence

10
20
30
40
50
60
70
80

to
to
to
to
to
to
to
to

t
11
2L
31
4I
51
t1
7L

4
4
3

4
J
L

3

6

5

3

5

3
Ð

3

2
õ

5
5

6

I
7

5
I
4

4
I
4
7
1
7

4
7

?

2
3

6
3
6

3

4

E

tf

2

3

6
3

7
2

4
3

1
2
7

I
5
3

4
7
ö

6
3
7
3
5

5

5
7

1
4
4
I
I

3

I
5
4
I
6
7

6

onithm 2uence 2. Se uence achieved
nun t

eô uenc
e

Models in the sequence
Position of
units in the
sequence

3

I
1
2

3
3

:

4
7
6
E

7
4
4

5

I
1
2
a

3

3

E

6
6
q

5

4
n

4
T
1
2
J
3

:

3
7

7

5
7
tr

:

4
t_

I
2

2
3
a

5
6
6
6

7
5

4

tr

5

I
I
5J

ö

:

4
4
6
7

7

4
4
J

31 to 40

l- to 10
11 to 20
2l to 30

41 to 50
51 to 60
61 to 70
7I to B0
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Tat'le 5" Simulator test ?5 nö sequencing cç:ir s'L::aint

Simul-ert-íon input 2 used thrcughout; e,=5. b:]. c=2, cl=2t i-:'r all rul"ls

Yes
Nc:
Yes

Yes
Ve s.

Yes

tio
Nt:
No
I'{o
al^l{u
lilo

0"50
0.5c
r'ì ç 1ì

0,50
û.5û
0.2s
0"25
o. zs
0" 50
0 " 5û
n i:n
at ô¿

o.as
ü" 25

,5
L

2
2
n

?
2

L

2
2
1
o
L

2
i:
2

27 "32
36.40.)Ë û:ô
¿J"VL

?8.27
4J-. 91
?9.69
28"83
36.82
42.39
5C.23
56.4Í)
55 " 5Ll

46-ûg
r+8""i6

5+.08
1? " 86
55.60
5B. õ9
ôs. 84
25.i9
23"1r{)
?6.82
23.58
¿b,Ðt
37 " 0l_
'ì q ')?

1 
'A10. BB

1.50
r.5û
1 Èñ

1" ?s
Ì. " Cü
1" 7Ìi
'i trÕ

1. ?5
"i Êfl

1,.25
-1. ût
l" 75
1.5u
1.25

6. ?2
i0.07

CI.4r
n fìtr

tì.ti¡
1" 1.5

0.tiJ.
0 " 4i+'
.ì EÊL | \tv
I f:, Lt

s,g2
l-. û1,
q.9û
I rì i'
.f ! Jî

g,) rì ?

l-2r" 55
gt+"?3
?rf" 3Àt
f c I "{UU o !{,

159. ?2
1 ì .) (¡tì
J--¡-é. !rV

68. TB
IÛ9" iIB

7lì " 14
l+t+, 7 3
88"+B

ï21.43
86 " 9u

!,Jcr::k
¡Lef l-c*
ieney

Ut iI i-t"r¿
lçonJ<

l"dl.e
time

{]o¡t*
ges i:ion

lJüIù'r¡*
s'Ereann
allow-
Ênc:e
(min. )

Con.-
curre:t-L
ttOfk

Test
input
11rlrìl$e ïl

up-
stnean
al low*'
á.nce
( niiri . i

I

I

I
I
I

I

I

Results (man rniirutes )

F.un Re:ni¿¡¡g

lio'L sequer:ced
Sequet':ced"

01
02

1

2
ltJ

4
5

6
7

B
u

i0
11.
I2

!t

It

lr

1r

il
lf
ll
t!

ll
It
It

Station passage 'Lime
Si"r.ift cluz'a'tion
Effor"t rupplied
Launch i.ntenval
Mix by ino,"1el.s

4.34 min"
Iñ1.20 min.
]r.+5t.80 min.
2.60 mín"
l-5(1), B(2), ll(3),
+ uneonpleted unitç

4(4). 5(5)" 9(6)r 10(7)
from pr"eceding sirift
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Table 6" Simulator- Test 2" Sequences

Hand pnepaned, ç11enty q¡¡t"iU"te¿ s"q*sequence 1.
use

Position of
units in the
sequence

AS inbut to nuns 01, 02, Table 5 Appx. I

I{ode1s in the sequence

10
2A
30
40
50
60
70
80

to
to
to
to
to
to
to
to

I
11
2T
3l
41
51
61
7t

7
4
õ
tr
J

7
E

2
2

2

1
6
I
2

I
7

1

1
6

7
ö

ó

3
6
7

1
1
7
I
7

1
7

1

4
a
L

3

7
6
7

3
3

5
7

1
6
I
6
I
L

7215
43 4q )(5 Zt
6134
3651
2l-2)
267L
6154

Se uence 2. Sequenee achíeved by sequenc
llun 9 e ppx.

orithm 2,

Positíon of
units in the
sequence

Models in the sequence

l_

11
2I
31
41
51
61
7L

to
to
to
to
to
to
to

10
20
30
40
50
60
70
80

5
7

I
3
3

2
3
5

I
6
6
7
7
a

7
7

2
I
2

1
1
I
1
t

4
4
6
3

5

3
Ã

I
4
6

6
6
3
7

4
2
7

4
6
5
I

7

2
Õ

1
I
2

I
1

1
I
J
l)

l_

1
I
ç.

7

4
2
6
6

6
7

5

2

2

2
1
2

1
to
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Tabie 7 " Sirnulator test 3 t sequencing unclen constraint
ê=5: b=f n c=2 r d= 2 0 Ín all ru.rrs

Rur¡
Staek
s íze

1
¿

J
+
5
6
.7

I
I

1û
II
l2
"l r.r

I4
tq.

1B
t7
IB
r9
20
2L

No
No
ltro
Ito
No
lìo
Ì.f o
No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
Nc:
No
No

'!+
I
I
I
l.
i
I
l.
I
oL

2

2
4

2

2
4L

L

?

5
EJ

5

I6
16
16

t:

s
5

Ê
çJ

5
r
L)

I
I
B

trìIU

l6
1Ê

16
16
16

.t

6
n

4
o

I
+
6
ôo

+
6
U

4
6

F
4
6

B

4
6
o

70.31
56.85
75.60
6û"].Ï
5¡+ " û3
54. r+3

42,L2
36.9I+
38.76
4B " 60
41"û0
38.23
t+4" 62
)2,32
42.94
30.4S
27 "92
36.0t1
28.98
33.21
30.12

rl. 0fJ
0. ût)
0.0i)
0.0rJ
0.00
0.00
0. ct
0. û0
0.00

10"7s
ii.96
8.43

19.?3
12.89
ls.83
15.48
r ? "ìl]

13.31
25 ,20
19.25

B .lt+

5¿.lJ
30.05
31 .95
3C"l+B
2 3. 5r+

23.õ2
28"55
?1"43
I9.82

2:..00
20.$B
32.04
24. B3
2 0,6B
39.79
40.59
44.44
49.31
40,25
36. C8

Í).86
10 . i]2

2 .87
24"8t

8.51
16 " lLl
32.7!ì
1.6. tl
¿"1 " /ll
78.31,
72.08
tl9"29
sl. gg

10CI"0s
r_31.52

87.24
84.]9
67.15

l_1s.71
s3. 34

111. 37

Tdi-e-
time

!,lonk
clef ic*
iency

gestion
Cr:n-Utility

work

Test
input
number

Con-
curuen"E
v¡ork

Look
ahead

Results (man minu-Les)
Remar:ks

AJ-i" runs I to 21.
w+re automaticallY
sequenced

f or:
a.l-l
l:Ul-tS

Upstream
allowance: 0.50

Downstream
allowance

= 1.25

(
(

(
(
(

( continued )
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Table 7. Simulator test 3 . sequenc i.nu under consl tnai-nt ( r:ontcl. )
-.-cct-.J r b:1 , e,=2 g c1:20 in all- runs

I
1"

2
,¿.

Yes
No
Yes
Ni:

70.68
53"4?
23.35

0.0tì
0.00

34.70
{2.93

3r.5Ê
34,69
5s, 81
68.33

3 g. ö2
tì4 " B3

13ii.4s
19i. ?1

Idle
time

Wonk
defic-
iency

Utirity
work

Con*'
g(?sti0n

Con-
curnefit
worj<

Stack.
s ize

Test
input
nr*rnbei:

l,ook
ahead

R.esul-Ls (man r,..inrìtes )

Run

01
D2
CI3

0rr

Ïìenarks

ì.trot se<1*enced
Ups-Lream al.lowance

= 0.50
DÕr,rnstream, allewänce

= 1.50

Sta"lion passage time
Shift dut-ation
Effort supPlied
Launch intepval

3.45
rsû"
l-l+ 2 3
2 " 6B

m
i4L1
.0
n

in. ( input 1) arr<1 4 . 34 nin " ( input 2)
(inpu"t l) anC 1.öI.2Cl (inPut ?)

B maä min. ( inpr.rt 1.. ) an,L i-4 50, B 0 min. ( ínput
in. (input 1) ãnd 2,6A rrÍn' (input 2)

2)
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Tab1e 8. Simulaton Test 3, Sequences

Sequence I. Hand*prePared sequen
rc-ior,; worl<*conte¡rt

Position of
units in the
sequence

Position of
units in the
seguence

10
20
30
40

Se uence 2. Se uence achieved
nun

SE uencan
e ppx.

Hodels in the sequence

2I to 30

Itol0
11 to 20

31 to +0
41 to 50

3
1
2

4
I
6
7
6

I
2

4
I

J
6
6

7

3
5

I
7

tr
J

5

4
I
7
4
5

I
4
I

5

4
¿

7
6
(
7

2
3
q

4
5

I
5

3

I
1
cJ
2
6

3
2

6
?

J
3

3
t+

6
3

4
I
7

3

1
+
+
4
E

tr
J

5

3

5

3
5

3
2
a

4
7

+
4
c
4
7

2
5

6

7
J

3

2
4
5
4
3
6

5
5
6

I
I
J
I
7

6

3

5

5
J
3

3

4
3

c.-: bùnchect in groups
"1rßó"-eTs

Models in the sequence

-lð-L ithm 4

51 to 60
6I to 70
7I to 80
81 to 90
91 to 100

Numben of uncompleted products from pneceding shift is J-2.
The gneatest number of pnoducts on which wonk was stanted
in aãy run of table 6 was 77 " giving, for a look ahead of
16, a maxinu¡1 neQuinement in the sequence of 93 product
units.

t

50
60
70

to
to
to
to
to
to
to

1
11
2T
31
41
51
61

4
6
c

3

3
7

1

5

1
3

4
6
3
I

5

7
l-
6

I
7

I

4
I
6

1
7
2

7

3
7
2

7

4
7
3

4
ó

4
2
5
5
7

5

6
7

6

t-
1
l

4
4
5
tr

3

3

2
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Tab1e I. El-emental task dunations

Elemental Task Duration

.47

.28

.17

.24

.44

.60

.96
1.38
0.66
0,80
0. 00
0.48
1. B4
0.56

.12

.15

.58

.00

.00

0.10
0 .41

0
0

30
JO
B 0.36 0
6 0.79 0

6 0.46 0

B 1.10 0
0.81 00.86 0

3 0. 60
6 0.35

I 0.00
8 0.38

3
3
E.

0

+
7
7
q,

2
4
B

3

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.

. t+B

.64

.22

.09

.08

. 89

.51

.+7

.3t

.17

.30

.48

.26

0

0

0
0
c
0
0
0
0

0
0
0
0

0

I
0
()

0
0

.65

.2L

.22

.09

.12

.7r

.29

.63

.18

.õt

0

0
0

0
0
0
0
0
0
0
0
0
I
0
0
0
0
1
0

0,16
0.49
0. 54
0. 17
0. t7
0.71
0.40
0.43
0.87
0.32
0.46
0.28
J. 50
0.28
].16
0 .23

l_,10 0,21
0.31 0.26
0.94 0.78

0.46 0.2I
0.31 0.47
0,+2 0.28

].to10
1I to 2A
2I to 3C
31 to 40
41 to 50
51 to 60

Elemental
Task

Numben

Task
numben

94
95
96
97
9B

7 0.57 0

5 0. 00

.17

.53
" ¿¿

.16 0.32

.22 0.22

. 00 0.00

0.21 00.33 0
0.40 00.81 0

0,1-6 00.36 0
1.93 00.65 0
0.00 0

,7+
.81
.68

B 1.02
9 0.67

0.76 0
14 0.15 0
00 0.00 0

11 0.00 0
00 0.00 0

47

.00

.50

.00

.36

.11

.15
,t2
.00

.26

.44

.00

.08

.09

.07
to

0.45 0. +4
0.47 0.54
0.37 0.87
1.04 1.03
0.39 0.30
0 " 45 0.74
1.18 1.18
2.16 0.24
0.11 0.08
0"5s 0.19

.36

.96

.26

.11

.80

.48

.00

.28

.95

.55
,20
.70
.00

0.30 06I to 70
0.48 0

0.38 0

0.24 1
0.39 0
0.52 l
0.34 0
1.54 1
0.43 0
0.00 0

71 to 80
Bi to 90
91 to 100

101 to 110
111 to ]-20
121 to 130
131 to 140
I4l to 150
lSL to 160
161 to 170
I7I to 180
181 to 190
I9l- to 200

0.00 0
0.00

Tasks 179 to 19]- have been set to zeno to
exclude them from effective part in the balance.
They ane specialist tasks not undertaken by the
assernbly line operatons.

Tabl-e 2. Examples of model identification vectons

Model numben
1 2 3 4 5 6 7 8 9 10 11 L2 13 14 15

111100000000000
00001111111111]
00000101001-1110
000001010011rr0
000011111111110
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Tab1e 3. Model wor:k content and uinements
app ca S mo e mfx

FIodel
numben

1
2
3

4
5
6
7

I
I

t0
11
l2
13
l_4
I5

Work content
(man min. )

Numbens
initially
nequined

Total of task
groups allocated

444. 96
448. 3 0
448.57
445.59
449.95
448.90
445.74
448.75
448.80
442.28

Requinement as
adjusted by
balance program

3

3
1
5

7

16
2

2
55

1

Table 4. Balance achieved, application
el mrx

2B
10

1
2

14

Station
::es idue

Station
number

5.04
t_.7 0
1.43
4.41
0.05
1.10
4.26
1.2s
L.20
7.72

1
2
3
4
5

6
7
I
I

10

28.16

56
I

28
10

1
2

14

4
4
2
6

I
T7

2
2

22 .5I
22 .5I
22, sr
22"51
25.15
26 .07
26.13
27,û5
28. 89
2s .87
29.96
30.64
30,94
31.62
43.93

Totals 4471.84
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TabLe 5. Examp Ie of task snoup sPlitting

Station
Position of
task group
in statíon

l.fagnitude of
task group
(man min. )

Running total
of all-ocated
task groups
(man rnin. )

Task
gnoup
numben

¿

3

429
433
439
442
445
448

.49

.37

.49

.01

.30

62.04
B5:67

62.04
23.63

75.06
3,72
5. 88
3.12
') Ea

3.29

I
2

11
I2
L3
14
15
16

25
13
1s
t-4
16
T2

L2
35

TabIe 6. Al- l-ocations of work to stations b models
app ca LOn I^J S

123
Station number

4567 B I 10
Model
numÌ,¡er

1I
I2
13
14
15

ta on
passage
time
(min. )

4,26
4 .26
4"26
4 .26
2.21
3.47
2.21
3 .47
2 "21

3 .27
3 .27
3 .27
3 .27

1.76
1.76
1.76
1.76
2.15
2.15

0. +4
0.44
0.44

5
5
5

1
I
1
I
6
6

6

2
2

2
2

0.0
0.0
0.0
0.0

2. sB
2.96
2 .58

5.12 2.06
5.t2 2.06
5.r2 2.06
5.12 2 . 06
2.31 2.39
2.78 1.95
3. s6 3.53
2.78 3.09
2,78 2.90

2.L5
ô -rc
L.I.)

2.15
2.r5
3.54
3.07
2 . t-3
2.L3

3.07

3.12
3.L2
3,12
3 .12
3.12

0.94
û. 94
0.94

1
2
a

4
5

6

I
I

10

0. 94
3 .12
3.12

3.L2
3.L2
3.L2
3.L2

3.07
2.13

1. r6
4.17
4.17
1. 16
4.17
1.16
4.17
4.71

0.44
3.08
3. 0B
3. 08
3.08
3 .10
3 .10
3.66
3.r0
3.66
3.10
2.88

2.r5
2.Is
2 .62
2 .62
3 .27
2.62
3 .27
2 .62
6.25

1.l_
t_.1_

E

2.23 2.96 1.1
2.7r
¿. LÕ
2.7L
1.78
1.78

3 .1_4
3.14
3.96
3 .14
3,96
3.14

3.56 3.54 3.83

2.7I
2.7t
2.7r
2.71-
I .16

.46 3.47

. 04 2.2I

.40 3,83
3.56 4
2,78 2

2,78 2

3.56 3.60 3.47
2.î'2 6.48 2.703.07

3.07
2.13
2.L3

2.94

4.00 4.00 5.00 6.50 5.00 9.00 4.00 5.00 4.00 6.50
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P,rs itioir of
ulit i.n
sequence

T'abIe 7 " Application wi.th f inst modei mix,, Sequences

Sequence .1. Ha.nd pr.epared e¡-'enlV disltr.iblrted seqr:ence

Mcdel-s in the soquence

4
13
i_L

I
1r,

I1
I

I to 2û
21 to 40
Ul 'irr nn
61 to 80
81 tÐ I0Û

-1.û1 to 1?0
l.2l ic 14 0
I4.1. to 160
l.6L-to l-Btl
IBI to ?.00

I l_5g4
Éì9
l-4
92
29
1.6
I 12
6g
3g

l-5
?

il
!l

1r:

t
'I
¿

I
o

I
I4

g

6
1I

a
c)

6

91
12
i-2

r+ l.

Sequence 2, .Sequerrce senerate<i by s e.q'J{eilcil"lH alr{ o::ithm L. o uun l. Table. 6

1?
6

t¿

6
tt
I1
I

L2
ìt
I

]5
11
1.1

I
g

t)

It
o

I

ìl

1l
g

6
l,- -t-

c1

ti
11

v
Y

L2
6
2
C¡

t
$
I
t)

L2
5

I
J

IÕ
11

o
'1 Ë.

1.1.

I
6

r5

ìt-

9
14

Ð

15
ç

I
l.s
15
I
1
aL
g
g

1L

l.s
11
I
I

11
g
R

11
s

g
g

7
5
I
tr,)

1.0
I

1l
Cì

atJ
+

l-L
o
ê
L/

tl
i.Ì

5
I
5
g

û

15
11

i2
LL

I

I1
I
g

g

I
T2
11

g

-t1
1t
I
5
Ê

E

T
g

6

L2
I

1?
6

tì
.L¿.

6
oU

I
â

a

I
q.

-¡ l':l-u
U

-t 1

f
iJ

rì

4
1"5

1:1.
11

J
l-

]I
I

1I
g

I
1T
11

15
1f
-L rJ

;q

g

?.r
I
2
g

6
6

1i

g

1T
1t

15
I
l
6

}I
o
g

:

I
o l1t

7

E1

7
t
rI

I
o

I
1.1

6
I
5

I
6

6
6
ü.1

II
l.s
i5

CI

I1

:

81
Wt,

}I
13
I?
I
_q

15 1 g

ß4s
5L2 7

696
-q 1.5 6

I I1l
s 915
911 5l

999

]
2L
41
G1
B1

i 0l-
TzI
.l_4 l
16r
,18.1

0
0
0
Cì

ûû
2t
l+0

6C
8û
tr fi

'to 2
toq
to6
tc¡ I
to -t
tol
'u0 l"
tol
tol-to 

7.

T5
l5
15

15
6

#

69
146

ooqr

11 I
99
g6
92.g9

11 I

11
1tl.
7"2

1r
11.
r1
T1

4
11

12
c
r
J

o
J

I
g
o

11
q

g

T2
I5
15
1l_

2

1:l_

I
I5

9S
15 5

J_2 I
11 I
11 g

9G
i]9
1.1" l.5r

g

tt
:l
q

a

s

:

l1
1?
t5

4
11.
11

o

.L¿

T2
L2
1i.

6
9
l+
¿J

d4
c¡
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Table 7. Appl.ication with fir st rnodel míx, Sequernces ( contcl. )

uence 3 
"

F:l-na"L madels of sequence of r r"in 10, lai:ie B .¿\ppx. IÏseq

Positíon Models irr the Êiequ.c'-ricÉr

s9499
9999

99999141
161

to
to

16û
169

Sequence 4. Final models of sequence of r-'un 11, Table E A1:i;x. ÏI

99949o

I
I
gI

1.1
I

11
q

11

Pos:l'[ ion

141 t
16T t

Fio.eLs i'n -tlie seqìJente

09999o1
a1

60
69

I'ina1 rnodels of sequeflce of run l.B, T'able B Appx. lÏ

93999
99s99

99499
I 4. 4 4

9!j9+9

Sequence 5.

Pos it ion ModeIs i-r¡ the seql¡e"lìce

t1
t.2

Õ

c¡
to
LU

9i5l-2 stlIt¡1
l_6 1

160
1.6I

15 I
11 I

I
4

t2 6 97.2
912 915

ltr 5 911" b
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Tatrle B. Sinrul,atjorr resr:l'tsr appl-i.c.rtian r¿ith fj.rst moCel nix

Rttn Re¡na:r:ks

Uncons'tr-aineo
.: equencing

equcìnc
uilcle¡ con-
straint

:ì(8),
! l-ri(rs).

i"
n
?

ti

t
1

s
I

10
1l
1.2

1t+
15
16
l7
fB

Sliift dur"atiori
Effc,rt supPlied
Launch intenval
Mix by models

450. C0 min"
45ù0,00 man rnin.
2.98 mi.n,
3(r), 3(2)l1(3)
56(9), t(iC), 28

5(r+), 7(5
l.t), 1íl(]2

, ),
l¡

16(rj) 1

1(i3) Þ

nl'1 \
?(lt+)

l.5u0,srJYeS :-i9 " h383. /t) 309.06

5'+" 56
s9.36
82 " 4t
Ë3. s5
5r.5û

'\4fJ.t-rJ
1.4 0 " 11"
1.,.+ B . 7 û
l_90.62
1r+9.Ê9
169.48
:t.44 . I7^-7t" 

ETi*
'17 ,7.9
I'J. !¿

I ûS. 5tl
Ii6. 30
118 - 3iì

B 9.4r
92.38

-t-i" 4 . 1S
42 .I5
38.63
47. gB

47.2E
5b.:J/
5{j"i.s
1Si. 68
2A .7I
2+. 91"îi-rî$É-

117.28
11û. 0û
49,96
Ê0"]-i
52 "',¿r

ß

16
Ê

B

16

6

6
6
6

6

i.50
1..25
t. Ûû
1.75
1",50
'1 /) C:'l- ù /- (i

1.5íl
l-,2[ì
l_-ü0
1.75
i.50
'l oç

r..25
_1..25
r.2 s
1"25
I ?.rr

0.50
CI,5tr
0"50
0. 25
n ?li
0.21)
û.50
ù,l)ü
0"50
0.25
n ,)c^

0.25

Yes
Yes

-f. ç: Þ

Yes
Yes
Iù <>

No
l{ rJ

No
l'l c¡

Ìio

0.5ü
0.st
0.s0
0.50
0.5û

Yes
Yes
Yes
l.io
No
No

)ç¡ì ')rì¿ tr-L. * *

2e|+. gt"
/)ÊD in
¿. Q L Ð -l¿-

4tìû.55
351..63
326.18
î\ -i'1 (l q
t.¡ t t i u¡J

t+"1''l ,2,&
li 08 " 05¡

t]18. B7
8lr ñ. 5'¡
471" 3.1

225 .6).
?tr:?.85
2 ii-L , ti5
lr I f 'l'Ì

392.32
407.66

3,

¿¿^
fçlr
it

l_1 
"

1?rJ "
_t3Ll "
r9ô "

r27 .
1.Ê,3.
12t "

80
sti
t8
tri
2{)
g5

3i.
fL1

til
t-u
6S
ì, f'¡+c

2iì.5r'
în -¡ )

il?.0s
52,21
6ti.70
6r+"?l

ge st'ion
Uon*lJ'L r.L r t5z

ioo.,lk
lclie
t"Lme

l,iork
clef ic-
-'t-ency

Pe nf ornran c e Lr,tra¡ne -L e:n s
(man m-in. )i-ook

ahead
Sitack
cl7Õ

Ðcwn.-
streann
allow*
ance
(rnin. )

Up-
stream
al.Icir¡-
a.nce
(min. )

Con*'
eur::,ent
work



Tabl.e 9. Distributicri of i<]ie time anri utiLit lçork üver
c $ns q äpT) cê TON T^JI -- Éc ino ml-x

IIPPT]NDTX T1

lìe;nar,.ks

Cf,' n C Uf':.' ¡¡ :n-1, r/lsf'i<

l,-1 
{: v^'lti i s s ib l¡- e "

Liriccn s "qr*itie,:
S e c1.i: eric i. rig

ílon, cu::r:s nt wor'l:-
rrol i)erlìissi.bIe,
îiiîõ.¿rnstc'a.ined
sequeircirig

Ccii+urr.ent work
tr:elrnissíbIe. Sequencitrg
und.trr' corrs *{ilë{ int 

"

(-,ro-rlcuf'rent'¡or¡k not
p*n;:ri.ssíble. Seffincing
uirCer constnaint.

nufn en
coltr'Ê s poncling
to i"uns in
Tabl"e B

x, Iï

I
2
{
l+

5

6

t1

I
L0
1i
],2
1. *r

It+
15
L6
t';
i_B

i2"62 g. 60l_7 . 0l 4 " 52 tì.76 +. 6ü

4. c3
E.0l
6.71ì

29.T0
Jt.i.:ii
3?ì.70

].6.05
:t6 " 21
17.ûB

2.6',J
B. t2
6.7'{

7 "',lt
I " SB

7.59

17.85
18"7!:ì
?3. S?

') 
.iR

L ¡ LJ

3.i{l_
0.50

11.74
1,r, sl.
1C (â

r5" 20
1fi " Btr
TB " 36

3 " 7B
J. C¡J

7 .44

r"5it
ô lrô
-1.'{¿
1" 10

.29
an

"41:

7
q

rfì
-LU

11 ñÉ1

ô oo

10.15
1t. 37

5. S6
1u-.16

:J1.,¿.¿
4Cl " 3:ì
Ð'1. si)
3i;.3û
3fJ"B'7

B .42
1t.0fj
lb ",1{4
10.59

9.û6
1_3 . 0,3

---7\',ì-*L*T5--
¿I"LtLI
2Ï,Bg
.t-rt " ö3
2r+. û7
19.1?
ô¡) f:/)

I"D6j-i3
5.03
l"'Íì5
0 " ri0
4.3r-r

25.5?
46"0'ü
?5.13
38. EB
24. s1

0"üt
tJ.00
0 " 0t
U.UU
0"0c
c " OLl

39"57
slr.-i0
40. 37
+s.65
38,06

i", sti
ü. Br;
lr " 3?
û"3C
!t tr ¡\

2.+û

lE. ¡.tE

?l:.Ii
iB. 0t
?3.07
i9 ..5 5

I" /Þ
2. {)r.i

8.53
?,t1I
f f tr.L¡ LlrJ

$.28

14. tß
?û.7s
13 " 19
21 ,51
T¿.IJ

'76 B 7€; I

Stat ion ¡ru¡rber' Station iluntber

-fîilê t.ime (rnan uii.n. )
-Ut]Ï:t-y wcrk (:nan il:.n-.1

19 I-Ic.lnrj FÉ) ar:ec-! se uence.
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Tabl-e 10. i{odel wonk content and uirements
app aon vtl- SE e max

Model
numben

1
2
3
4
J

6
7

B

I
10
11
L2
13
14
I5

lrlork content
(man rnin. )

Numbers
initially
nequired

Total of task
groups alLocated

477 .10
477.57
47 B. 74
47I .2r
478.73
475.96
476.72
475.07
+74. 99
455,41

Requinement as
adjusted by
balarrce prognam

Station
residue

13
3

1
I5

7

16
1
1

55
0

27
10
I
,)

14

Tab1e 11. Balance achieved a lication
l^7 l- sec mo õ

Station
numben

2.90
2.43
L,26
0.79
I.27
4.04
3.28
4. 93
5.0r

24.59

'1
2
3
4
5
6

7
I
I

10

50.50

14
+
2

16
I

17
2

¿

56
I

2B
10
I
2

14

22 .5I
22 .5r
22 .5L
22 ,5L
25.15
26.07
26.13
27 .05
28. B9
1c¡ a?

29.96
30.64
30.94
31.62
43.93

Totals +749.50
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Tab1e l--2. Allocations of work to stations b models
aDp cat on Ì^I]- sec e x

Model
number

I
2

3

4
tr

6

7
I
I

10
11
L2
13
14
I5

Stat
Passage
time
(min, )

0.88
2.85
2.85
2. B5

0.88
0,88
0.88
0.88
2 .15
2.15
2 .15
2,r5
2.70
2.70
3.85
2.7 0
3.85
2.70
6.25

123
Station numben

4567 8910

L.82 t.27 5.L2 3.03
r.82 1.27 5.12 3.03
t.82 r.27 5.12 3.03
L.Bz r.27 5.12
3.12 3. 33 2.52
3.r2 3.33 2.s2
3.90 2.39 3.20

3.29
3.29
3.2-q
2 00

2,2r
2. 84
2.2t
2.84
2.2r
2.2I
3.65
2 .84
3.65

3.09 1.0
3.09 r.0
3.09 1.0

3 2.10 0

3 2.10 0

.58 1.39

.58 1.39

.74 3

.74 3

6 1.39 2

7 3.74 3

. B8

. BB

.BB
3.03
2.39
1"95
2.85

1
2

2

?
2
3
3

3

3

3

3

2

3, 09
2 .6L
3.34
2.6r
3.34
1.78
1.78
3.34
3.34
3,34
3.34
5.09

2 .84
3.75

3 2.I0 c

" 03 2.r0
"58 1.39

2.58 1.39

.39 261
.57 3.74 3

.34 6.24 6

3.90
3 "t2
3.90
3 .12
3.12
3.90
3.90
3.]2

2.39
3.33
2.39
3.33
3.33
2 " 39
2.39
3.24

3.20
2 .52
3.20
2 .52
2 .52
3.20
3.20
0.83

2.41_
2.90
3,36
1.95
2.46
2,4I
2.92
6.18

.5
tr

o

.5

.9

73
73

.85

.02

.02

.85

.o2

.85

.02

.89

4"00 3.50 5.00 6.00 4.00 5.00 4.00 6.00 7-00 6'00
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Tabie f 3. SÍmulation r"esults o l.ication wittr secontÌ ntod*J' mix

Yes I 0.5C 1.50 97.5]I0LÌ.4ö IrûÊ"466I . Cl'"1

Yes
Yes
No
Itlc¡

0U

16
B

'tc}U

[-r

6
t
6

l, 25
I. li:Ì
1.25
1.25

92.33
i.07.01

4$.02
56 " CI8

343 " b3
,1 Fr4J I /. E,V

5.14.58
558. Bi

37 " 3i
lr T Ê:,,7

90.83
99.73

71. r8
8il.48

136.E9
1r+5. i3

trfe s
Yc cr

Yes

Yes
Vo c:

tüc
No
No
I'la
Nc>

1\ \)

l-, 5LJ

1. zs
i.. û0
r Tq

i. s0
ì ar
-l" 1-ü
. f fì

t.2s
1.00
l-" ?5
J." 5tì
I" 25

û. 50
0"5CI
0.5û
^ 

Õfu.¿-t
íl tF,
u.;c
0"5û
0.5i¡
0"5i)
0.25
0.2s
tJ.25
0
0

0
tl 50

.50

.50
" stl

ô^ ñd4¿. t t
g7 

" 
gr+

I 01. t] ir
BI" 94
83.?5

ii)1, 84
153.1ti
133,i'7
r_6r. 5 7
l_80,l.i8
I 5E.88
i 62.6s

1i4. 6B
i33.62
14I+ " 1"6

47. ûB
i,[;6ii
,59"19
4b - í¡J
6L+.82
Bl.BE
25,46
ß t. 

^ 
4I rf. . ú,f

^^ ^ñil .5.JU

4:t"I . :t tl
264.:ll-
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APPENDTX II

Table 15. Balance achieved with double stations

Stations Task gnoup
allocated

Task group
magnitude

Running total
of task groups
allocated

Remarks

S l-it task

Pnecedence
forces 130, 131
133 into the
balance here

Pnecedence
constnaints
cause 154 to
follow 146, I47
148 despite its
Ianger position

6

7
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