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ABSTRACT

UNBALANCED STEADY AND NON—-STEADY STATES OPERATING
CHARACTERISTICS FOR MANUAL UNPAGED PRODUCTION LINES

This thesis studies the operating behaviour of the manual
unpaced lines, which are the most important of the flow
lines’systems. The lines examined are unbalanced and six
types of imbalance are considered, namely, the imbalances
of mean service times, coefficients of variation (Covars),
buffers’capacities, means and Covars, means and buffers,
and Covars and buffers. It is argued that the deep
Gnderstanding of the behavioural characteristics of such
lines, contributes towards the achievement of practical
solutions to many of their problems. The lines are
simulated under both steady and non-steady states
conditions, with positively skewed Weibull work times
distributions, different values of line length (N),

buffer capacity (B), degree of imbalance (DI), and
pattern of imbalance, utilizing full factorial designs.
The data are subjected to the analysis of wvariance,
multiple regression, multiple comparisons with control,
pairwise comparisons, canonical correlation, and utilitwv
analysis A simple utility approach is also explored briefly.

Some of the important conclusions for all the unbalanced
lines’ investigations are:

(1) At least one unbalanced pattern generates superior
idle time (I) and/or mean buffer level (ABL), over
those of a balanced line. The superiority in I

decreases as DI rises, whereas the advantage in ABL
reduces as DI 1is decreased.

(2) The DI of the best unbalanced pattern can
substantially or moderately be increased and still
yields approximately equal I to that of a balanced
configuration.

(3) If a line is unbalanced in the wrong direction,
significantly inferior performance to tnat of a
balanced design will result.

(4) The unbalanced patterns' I tends to decrease,
when N and DI reduce and B increases, while ABL falls
directly with 3.

(5) The I’s transient size increases as N and B
become higher and DI increases, while the ABL’s
transient size rises whenever B reduces.



ACKNOWLEDGEMENT

I would 1like to thank my supervisor, Dr Nigel Slack,
for all his kind encouragement, backing and assistance
during the research and writing of this thesis. My
sincere thanks also go to my second supervisor, Dr John
Gill, for all his invaluable help. I am also very
grateful to Nashwa, my wife, for her encouragement,
support, and patience, and to my father and uncle for

their financial assistance and kindness.

Finally, thanks to Mrs Christine Bird for typing the

manuscript and correcting some grammatical errors.



PREFACE

This thesis is divided into four parts:

Part One - The Literature Review

Part Two - Résearch Design

Part Three - Research Investigations
Part Four - Discussions and Conclusions

The body of the literature review and the methodological
and design aspects, along with the detailed reports of
the investigations, are contained in Volume I. The
appendices corresponding to the body of Volume I are
contained in Volume II. Appendices are classified by
the chapter to which they relate, not by their serial
order. Thus; Appendix 7.1 is the first appendix
corresponding to chapter seven. Ali the tables,

figures and pages which an appendix consists of, are

prefixed by the letter A.
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PART ONE

THE LITERATURE REVIEW

The Literature Review comprises four chapters.

CHAPTER ONE - BALANCED UNPACED MANUAL LINES UNDER
STEADY-STATE CONDITIONS
CHAPTER TWO - BALANCED UNPACED MANUAL LINES UNDER

NON-STEADY STATE CONDITIONS

CHAPTER THREE UNBALANCED STEADY-STATE MANUAL UNPACED LINES

CHAPTER FOUR UNBALANCED NON-STEADY STATE MANUAL

UNPACED LINES



CHAPTER ONE

BALANCED UNPACED MANUAL LINES

UNDER STEADY-STATE CONDITIONS

INTRODUCTION

The great amount of capital expenditure on high-volume
production and the widespread application of sequential
manufacturing methods, have stimulated an increasing
amount of research into the attitudinal and general
aspects of flow lines, the aim being to supply production
management with effective principles and rules so that
production lines' output is incréased and unit production ¢ost
is reduced. Flow lines are, in this instance, systems of
serially connected manufacturing facilities or work
stations, with the dominant part of the work at stations
and the inter-station transportation means being of a
manual nature. Thus, the completely automated !'transfer:

line' kind of production system is not included.

Prior to studying the research on the manual unpaced flow
line behaviour, the different kinds of lines need to be
recognised. Wild's (176) classification is primarily

used here, i.e. 'moving belt paced lines' and 'unpaced
series queue lines'. The former utilize conveyor belts
and are of two types; 'fixed item', where work units
cannot be taken away from the line and work is carried out

on them while they move on the belt, or 'removable item!',



in which case work units are removed from the line to be
_processed at the work stations and then returned back to
the conveyor line. Unpaced lines are queuing systems

in series with a provision for storage space between
stations. Such lines can be either 'machine dominated’',
with the variation in production being caused by the
breakdown and repair characteristics of each station, or
'manual!, with the changes in productioﬁ being mainly due
to operator work time variability. Production lines,
whether paced or unpaced, may be further subdivided into
'single model', i.e. only one model being processed,
'multi model', i.e. at least two models being manufactured
in batches, and 'mixed model', i.e. at least two models

being produced at the same time on the line.

In order to concentrate on a manageable area of research,

out of many such areas in production lines, the single

model unpaced manual flow lines will be the only ones

considered in this thesis. Four reasons may be put forward

as to why unpaced manual lines are sufficiently important

to merit an inclusive investigation:

(1) Of all line types the manual unpaced lines are

the most widespread in practice. Lehman (104),
in a survey of the United States production
industry, discovered that the largest category
was definitely the unpaced manual lines which
accounted for 34% of all assembly methods,

whereas moving belt lines constituted 22%.



Wild’s (175) more recent and more applicable
study into methods of assembly in various British
industries, found that moving belt lines, both
removable and fixed, covered 43*1$ of production

methods, while manual unpaced lines represented

551

d
There 1is some evidence that lack of pacing
affects attitudinal factors. Walker and A

Guest (172) found that higher than median
absenteeism was related to lower than median job
score, the latter being indicative of, among

other things, the repetitiveness and pacing of

the job. Globerson and Crossman (64) reported
that turnover rate substantially dropped when the
pacing degree was reduced. Manenica (109)
discovered that operators seemed to be prepared

in advance to their work when the line was unpaced ,
and this represents a psychological advantage

in favour of the unpaced lines. Buxey (20) argued
that the unpaced line is more robust and flexible
with regard to absenteeism and turnover than the
paced line, since it is relatively easy for the
former to function with a decreased manning level
if there is an adequate interstation storage space,
whilst under-manning for the latter requires hasty
line rebalancing and conveyor speed resetting.
Recognition of the human element problem has put

an increasing pressure on management to improve



Jjob design and quality of working life and to
introduce the so—calléd 'job enlargement' schemes
such that the pacing factor is likely to be
removed and cycle times increased, which represents
an element against the moving belt lines' continued
use.
e
(%) The description of manual unpaced lines by:-means
of a queuing system in series can also be
conveniently employed to portray larger production
lines,with each station having several operatdrs
or even a whole production department within it.
(4) Several researchers,such as Davis (38), Sury (165),
Conrad (32), (33), Murrell (125), and Dudley (41),
found that the unpaced lines are superior to the
paced moving belt lines in terms of the number of
errors resulting from excessive fatigue,and.the
number of missed items due to the allowance of

incomplete or defective items in the moving belt

lines.

MANUAL UNPACED LINES - SYSTEM DESCRIPTION

Most of the research conducted on flow line behaviour has

been directed on unpaced manual lines, since this line

type is the most common in practice, as was mentioned

earlier. The major characteristic of this system of production
is that no form of mechanical pacing by a conveyor or

machine exists. It is possible for a worker to work freely

at his own pace without the presence of any constraint on

the amount of time available to him for finishing his work



task. For this reason no unfinished items will be made

in such a line type.

The line is made up of several interlinked work stations,
each of which is manned by one or more operators and
possibly equipped with some tools. Each operator performs
. a given amount of work on the part or work piece whose

time is referred to as 'operation' or 'service'! time.

The stations are connected in a serial order in such a way
that each part enters the line from the same first station
and moves down the line from one station to its successor,
where each operator adds his share of work to it, until

it leaves the end station in the shape of the desired final

product.

Usually, provision is made for keeping partly finished
work-in-progress inventories between the stations so that
when work is completed at one station, the item is
transferred to a storage location. These inventory places
are generally termed 'buffer stores' or simply 'buffers’,
and the capacity of each of them represents the maximum
number of items that can be stored between stations.

The mechanical pacing absence does not mean that some form
of material handling device between stations is precluded.
Inter-station 'roller' conveyor is commonly used, and in
this case the buffer capacity is the maximum number of units
which can be held by the conveyor's length before its space

.reaches a congestion point. The figure below illustrates



the manual unpaced line system.
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The internmal inventories' function in flow lines is like
their role elsewhere in as much as they behave as a
decoupling agent where there is an inequality between
supply and demand. The variability of operation times
causes short-term inequality between the production rates
of the stations in the line. Even though two stations
that are side by side can have the same mean production
rate (mean service time), their individual service times
may differ in the short-run, the reason being the fact that
operator work times are stochastic in nature which causes
them to scatfer around their mean value from one unit to
the next.' When the minimum (zero) or maximum interstation
buffer stores' capacity limit is exceeded, as a result of
this short-horizon operation times' unbalance, idle time
will occur rendering the line's operation inefficient.

If supply is exceeded by demand, i.e. when an operator
works faster than his predecessor temporarily, such that
buffer stocks are depleted, the succeeding station will
suffer from 'starving' delays when it completes its work
and finds no unit waiting for service in its buffer store,
and at the same time the preceding station has not released
the item it is processing. When demand is exceeded by
supply, i.e. if an operator temporarily works faster than

his successor, such that the buffer capacity limit is reached,



the preceding station will suffer from 'blocking' delays
when it finishes an item of work but cannot release it,
since the following buffer is full and the succeeding
station is still engaged in its work and has not withdrawn
another item from its buffer. In this manner delays are
transferred to and fro along the line because if a station
is blocked, the probability of the preceding stations
being also blocked is increased and when a station is
starved, the likelihood that the succeeding stations will

also starve rises.

Unless buffer stores are provided between stations in the
unpaced non-mechanical lines, the random variations in
service times will not be smoothed out and, consequently,
a great deal of idle time éaused by both starving and
blocking will take place, decreasing the rates of output
and utilization. In order that a beneficial decoupling
action occurs, the buffer stores' level has to fluctuate
throughout the production run between zero and the full
capacity. Note that blgcking and starving idle times
resulting from the short-term mutual dependence of the
stations (and referred to as 'system loss'), should be
differentiéted from those that are caused by a permanent,
long-term, imbalance between stations' work times

characteristics.

PERFORMANCE MEASURES

Various measures of performance or efficiency. can be used

to quantify and evaluate manual unpaced lines' behaviour.



These performance measures are classified as follows:

(1)

Activeness Measures: the most important of these

measures are:

(a)

(b)

(c)

(d)

(e)

Idleness (I): this is the percentage or
proportion of the line's inactive time to
the total working time period.

Delay (D): delay is the inactive time to
the active time ratio or percentage during
the period of line's operation,and is

related to (I) by the formula:

\ D=L
-1

Both I and D are totals consisting of starving
and blocking concomittant portions.
Utilization (U): which is defined as the
proportion (percentage) of the time the
operator is busy working and is expressed as
U=1-1I.

Production (Output) Rate (PR): PR is the

mean number of items released by the line

per unit time. It measures the mean efficiency
of the operator in comparison with that of

a hypothetical perfect line in which all the
stations have constant work times. PR is
equal to 1/service rate.

Number of Units Produced: this is the total
number of items outputed at the end of the

production period.



(2) Stockholding Measures: the most significant of

these measures are: .

(a) The line's total number of units (L): which
identifies the mean number of items held in
the line as a whole.

(b) The total number of units at the stations
(LS) = N(1 - I) = NU;where N = the number
of stations in the line.

(c) The total number of units in the buffers

 (1B) = L - LS.

(d) Average buffer level in the line (ABL) =

LB
(N-1)

i.e. the proportion of the buffers' content
to the number of buffers in the line.

(e) Buffer utilization (BU) = ABL,where B =
B

the buffer store's capacity.

(f) Space utilization (SU) = L
N+B(N-1)

i.e. the total number of units held in the
line as a proportion of the line's total
~ physical space.

(3) Queuing Characteristics Measures: these measures

are of some interest from a queuing theory

viewpoint and include:

(a) Mean waiting time of the units in the buffers
(MWT): which is regarded as a meaéure of
delay in the systemn.

(b) Total time spent in the line (TT): which is



The total time required to produce a unit.
This measure is important only when the
temporary entities (the units) are of
individual significance, which is not the

case in most manual unpaced lines.

A tentative relationship between the queuing and
activeness performance measures is that when I
decreases both MWT and TT are reduced. Throughout
this thesis the same above-mentioned effectiveness
measures' notations will be used as appropriate, in

order to avoid confusion and duplication.

In the following, the 'balanced' unpaced manual flow lines |
operating'under fsteady-state‘ conditions will be presented.
In a balanced production line each station has the same

mean amount of work to perform. Because of the vafiability
of operators' work times, perfect balance (equilibrium) is
impossible and so, balance here means that every station has
the same work time probability distribution with equal means
and variability (as measured by the co-efficient of variation
(Covar), which is defined as the standard deviation of the
service times (o) divided by their mean (u)), and where

each buffer store has exactly the same capacity. Such a

balanced line is often called 'nominally' balanced.

It will also be assumed that the production line has reached
a stable working condition after passing through a transient

period of instability in the pattern of wérk. During the



steady-state period the effectiveness measures will exhibit
stable mean values over a given period, although their actual
individual values might flﬁctuate from one point in time

to another, due to their inherent variability, no matter how

many of them are measured.

DETERMINISTIC LINE BALANCING METHODS

Unless the total time necessary to complete an item on a
production line is equally assigned among the stations,v

a state of imbalance will exist,resulting in idle time which
is caused by balancing loss. Therefore, deciding on the

way of distributing work to each station is very important,
if the line is to operate efficiently. Two objectives

were cited in the literature (see for example Wild (176))
for balancing the line, namely: .

(1) Given a certain output, minimise the number of
operators (stations) and, therefore, minimise the
idle time resulting from imbalance. |

(2) Given the number of operators, maximise output and

- therefore, minimise the cycle time (the largest
mean service time).
The first objective seems to be more appropriate for the

unpaced manual production lines.

The line balancing problem was considered so important that
numerous techniques have been developed in an attempt to
solve the very difficult imbalance problems often encountered

in practice. Most of the important balancing procedures



and algorithms have been reviewed and evaluated by several
authors, for insfance, Kilbridge and Wester (89) and Ignall
(80), the latter, in an estimate of the balancing problem's
magnitude, stated that there are approximately N1/2r feasible
work element sequences available, where N signifies the
number of work elements in the task and r is the number of
arrows depicting the technological constraints which restrict
the distribution of work elements to various stations in a

'precedence' diagram.

Three approaches to the line balancing pfoblem have been
advanced, viz:
(1) The analytical approach,which makes use of
| rigorous mathematical techniques, mainly linear,
integer and dynamic programming models. This
approach is usually so involved that a
mathematician is needed to cope with it, especially
as the size of the balancing problem is increased.
(@) The heuristic approach.which provides good though
suboptimal solutions for tne line balancing effort.
(3) The empinical approach,which tries to allot work
elements to stations using a non-systematic
but practical way that suits the existing

conditions in the industrial plants.

If the sum of work element times allocated to a station (or
if the largest element time) exceeds the cycle time, the
line balance will be more difficult and the resultant

balancing loss increases. Rather than operating the line



at a high imbalance degree,it may be better to either
parallel (duplicate) the station(s), or man it by more than
one operator (multiple manning), in order to obtain a good
balance. All the previous line balancing approaches

dealt with lines having one operator per station (single -
operator lines). Paralleling was first considered by Nanda
and Scher (130) who tried to balance lines that allow for
two or more operators working simultaneously on the same
copy of a product. The authors stated that their model
offers advantage over the single operator counterpart, |

in terms of an increased output for the same cycle time.

PROBABILISTIC LINE BALANCING METHODS

A major assumption in all the foregoing line balancing
methods is that of deterministic element and operation
times, ignoring the fact that manual operation times are
naturally probabilistic. The service times' variability
implies that line balance is merely a notional concept.
Wild (176) argued that it is virtually impossible to achieve
a perfect balance, in the real-world operation, for any
manual flow line even if the stations service times' means
are balanced (equated),sinceAit is extremely improbable

that all operation times, at any one time, are exactly the

sanme.

Recognition of the stochastic nature of service times has
led to the development of several nominal line balancing
procedures that take into account nonconstant work element

times. Among such procedures are those of Moodie and Young



(122), Mansoor and Ben Tuvia (112), Brennecke (14),and
Ramsing and Downing (141). The basic approach in these
heuristic methods is first, to assume, for a given cycle
time and line length, that element times are random variables
with normal or Poisson distributions, known means and
variances, and second, to assign work elements to stations,
using one of the deterministic balancing techniques
available, so that all the stations will have, as much as
possible, equal cycle times (equal mean service times) and
at the same time ensuring that the probability that the éum
of element times' means (operation times' mean, assuming that the
element times' means are additive) beiné higher than the
cycle time, does not exceed a specific proportidn,suoh as’
0.95, i.e. the probability or confidence level of not
exceeding the cycle time is 0.95. For manual unpaced lines
this probability can be taken to mean the likelihood of
having unequal service times'means with their consequent
line imbaiance. A shortcoming in all these methods is

that they deliberately include balancing loss in the 1iqe,
however small is the possibility of its occurrance.

Mansoor and Ben Tuvia (112) tried to overcome this problem
by introducing an incentive payment scheme which motivates
workers to finish their entire assignment within the cycle
time. Reeve and Thomas (145) compared several line
balancing heuristics to increase the chances of completing

the tasks without ekceeding the service times' mean.

The stochastic line balancing techniques reported so far

attempted to minimise the number of workers' cost, disregarding



the cost of the deliberate‘imbalance of work which is
introduced in the model. KXottas and Lau (98) developed
a.heuristic procedure for minimising the total of the
aforementioned two costs, and found it to be more efficient
than that of Moodie and Young (122) with regard to the
total cost. Vrat and Virani (171) extended Kottas and
Lau's model to permit the operation times to be greater
than cycle times, by providing parallel stations. In this
model the work tiﬁes'means, uj, for all parallel stations
were equivalent to the integer multiple of the oyclé timé,
and the number of parallel stations, Pj, required for task
i is given by:

Pi = pi + F
CT

where CT = the cycle time
F = a fraction added to make Pj integer.
Vrat and Virani assumed that if the paralleled station has
a slack time, it can be assigned some more tasks. The
introduction of slack time in this lodel, however, is a
drawback which needs to be rectified since it represents

an under-utilization of manpower in the line.

One limitation in all the previous line balancing methods

is the assumption that no inventories may accumulate between
stations; a situation which is unrepresentative of a real
production line situation. Taylor and Davis (167) creéted

a technique which can maintain inventories. By manipulating,
in a gradual fashion, two variables; the output of the line

and line length, inventories are gradually decreased and



maintained at a desired level. Line balance is achieved

when the inventories' level does not change, indicating

that all stations operate simultaneously at a uniform serwice
rate. The advantages of line balancing should be weighed
against the estimated time required to find such balance.

It might be a difficult and uneconomical task to find a

good balance. The time penalty of such exercise is a fﬁnction
of the balancing method employed, the number of stations,

the number of work elements, and the constraints on their

ordering.

ELEMENT TIMES' VARIABILITY

Little is known about the nature of element times'distribution
and in what way the parameters of this distribution,

namely, its mean and variance, will affect the parameters

of the whole task which is made up of these element times.

The use of normal or Poisson distribution to describe work
element times in the line balancing procedures, and the
additive characteristic of element times'means, reported
earlier, are only simplified assumptions td fascilitate

development of techniques without a real-world research support.

The investigation of Brady and Drury (13) is the'only one
so far that attempts tao shed some light on work element
times' variability. They examined the relationship between
the co-efficient of variation (Covar) of a work task and
the Covars of the work elements which constitute the task.
Their conclusions are as follows: .

(1) The addition of a new element to a group of



elements will cause the Covar of the new group

to be smaller than that of the old one, on the
condition that the Covar2 of the new element is
smaller than (1 + 2r) times the Covar? of the old
group, where r refers to the proportion of the
0ld group's mean to the new group's mean.

(2) The Covar of a group of N identical elements is
aiways less than that of the individual elements
constituting thé group.

(3) The Covar of a group of N non-identical elements
is less than the greatest Covar of the individual

elements constituting the group.

QUEUING AND SIMULATION APPROACHES

Most of fhe research work on investigating the operating
characteristics of the unpaced manual flow lines has made
use of either queuing theory approach (both analytical and
numerical), or computer simulation approach. An analytical
queuing solution utilises mathematical analysis,comprising
differential and integral calculus,and provides a formula
which holds for any value of the variables of the system.
A numerical queuing solution, on the other hand, substitutes
numbers for the variables and manipulates.these numbers.
Generally, the earlier studigs used a queuing theoritic
approach which relies on describing the produqtion line's
system by means of the different states it passes through.
Assuming each station service times being exponentially
distfibutgd, the line's states can be described by a

Markovian process whose state probabilities satisfy a set



of linear equations in the‘limiting case of statistical

equilibrium. These system equilibrium state probabilities
can be obtained by solving the linear equations. By taking
into account all states of the last station of the line in
which if is working, the production rate (and hence line's

efficiency) can be determined.

Such a queuing approach is acceptable from a mathematical
viewpoint since it is possible to prove all the solutions,
however, the following limitations restrict its value in
its present status: ‘ (

(1) A major difficulty is that a lengthy computation
time is involved in order to obtain exact
solutions, in the case of relatively short lines,
and becomes computationally infeasible for long
lines. The reason for that is the fact that the
number of system states for an N—stétion and B-
buffer capacity lines increases rapidly with
slight increases in N and B. Muth (127)
explained that, for example, a line with three
stations and no buffers has 8 system states,
whereas a line with 10 stations and zero buffer
capacity has 6765 states. Therefore, the queuing
model is practically insoluble, even when using
high speed computers, if the number of states
becomes very large.

(2) As the system size grows up, an adequate description
and identification of its states, in order to

develop the steady-state linear equations,



(3)

4)

become complex and difficult.

Operator work times distribution is restricted,
in the queuing approach, to the exponential

or Erlang distributions which permit mathematical
manipulation. Neither distribution is of a

real representation of manual tasks'operation
times. Moreover, if the Erlangian distribution,
with parameter‘k and Covar of 1[/1: is used to
approximate a normal distribution with Covar =

0.3, kK has to be at least 1 = 11, if the
/0.3 ‘

first two moments of the fitted Erlangian
distribution are to approximate those of the
normal distribution. This approximation will
enlarge the problem by a factor of k since the
system states' enumeration has to be extended,
so that phase (1,2,....,k) of the working state
in each station can be included. According to
El-Rayah (44), in the case of k = 11, the
largest system one can hope to solve with a

B =1, say, employing the most efficient
computerised convergence techniques available
to solve a system of linear equations, would

be N = 3. In addition, when the solution is
détermined, it will merely be an approximation
since the operation time distribution is,
itself, approximated.

The queuing approach can handle, using limit
theorems, situations where steady state operating

conditions exist,but cannot deal easily with



the transient behaviour of the line, since the
mathematical queuing theory assumes all system's
parameters are in equilibrium state and finds
it very difficult to analytically determine the
length of the transient period before all
nohsteady—state effects die down.

(5) As Barten (8) pointed out, the queuing technique
requires that the arrival rate to a station
is independent of its service rate.. This
conditionlis not met in the more practical
situation of a finite B which allows blocking
to occur and hence, the arrival rate will depend‘
on the service rate and can never exceed it.
Another problem in the queuing approach is that,
except for exponential service times,; the
interdeparture times between the stations are

strictly dependent,as will be explained shortly.

As yet,there is no indication of a major breakthrough in

the queuing theory using mathematical analysis alone,and

for more practical purposes one should be prepared to
sacrifice generality and exactitude in exchange for some

form of reliable'empirical relationships. Therefore,
compuéer simulation is the alternative to queuing analysis.
In this technique the originai real-life model is substituted
by a flow diagram setting the logical rules which govern
system's behaviour,and operators' work times are obtained

by the generation of random samples from any representative

probability distribution. Unlike the queuing approach,



thé simulation one imposes virtually no constraints on

the kind of system that can be examined. Although no

provén relationships may emerge from the simulation
approach, it is useful in providing insights into the
operating characteristics of the line and in giving
guidelines for line design, especially where the line

cannot be sufficiently described or solved by a mathematical
queuing hodel. In some instances, queuing models based

on simulation results were used to approximate the

optimal behaviour of production lines.

QUEUING THEORETIC RESEARCH

(a) Queuing Characteristics Measures: these

measures are mainly of a theoretical interest and
will not be used in the investigative part of this
thesis. A short review of the literature in this
area is presented here. Jackson (82) was a pioneer
in the study and visualisation of a production

line as a sefies queues system,where each unit

of work must pass through a serial sequence of
service operations. Prior to his work, all queuing
theory studies were concerned with a system in
which each unit receives one service operation,
although two or more channels of service may be
used. He analysed a two-station line with infinite
queue size, Poisson input,and exponential service
times,and found that the queue lengths (buffer

levels) in the buffer stores are independent



random variables in the steady state. Burke (19) initiated
analytical work with regard to interdeparture times. He
examined an N-station line with Poisson arrivals, exponential
operation times, and infinite buffer capacity, and found

that the steady-state distribution of the departure intervals
from one station (and hence the arrival intervals to the

next station) was Poisson. A corollary of this result;

as explained by Magazine and Silver (106), is that the

output rate from this line is equal to the minimum of the

input and service rates.

Reich (146), investigating a line similar to that examined
by Burke, added to Burke's work the finding that the
departure process is independent of queue sizes and that
the times spent by items of work in successive stations
are independent. Reich also stated that if waiting times
are defined as only including the time spent in queue,
excluding the service times, then the independence of
such waiting times is an open problem. Finch (48) found
that Burke's Poisson departures hold only when infinite
queues are allowed between stations. In addition, he proved
that the successive interdeparture times are independent
random variables only when in the case of exponentiai

service times and unbounded queue lengths.

Burke (16) further studied a 2-exponential station line
with Poisson arrival pattern and reached the conclusion
that the waiting times in the buffers, at the equilibrium
state, are dependent. In addition, Burke (17), (18)

- obtained some further results which showed that some of



the waiting times for lines with multiple operators in
parallel are dependent. The presence of statistical
dependency in stations’ arrival and departure processes
violates one fundamental assumption of queuing theory,
and complicates further analytical work on series queues

systems.

Avi Itzhak (5) considered an N-station line with random
arrivals, constant service times,and limited buffer
capacity. He showed that the time spent by an item in
the line is independent of both the order of stations and
of the buffer sizes, and that this is true whether each
station has one operator or r-operators in parallel,each

with the same service times.

Avi Itzhak and Yadin (6) dealt with a line consisting of

two stations with either zero or finite buffer capacity,

random Poisson arrivals at the first station, and service
times which are either deterministic or exponential. They showed

that the probability density function of the time spent by an item

in the system,as well as the buffer level,are independent
of stations’ sequence. They also snowed that increasing
the size of the buffers decreases the total time spent

in the line by a work unit.

Fraker (57) developed approximate expressions for finding
the steady state mean and variance of waiting times, along
with the covariance of the departure process, for a single-

server line having infinite buffer capacity and Erlangian



.operation times. Rosenshine and Chandra (149) extended
Fraker's work by developing approximate formulas for the
waiting times' mean and variance in multiple-operators!

lines in parallel. A common feature in the above queuing
éharacteristic research is the use of work times distributions
which dé not reflect reality, whether being constant,

exponential, or Erlangian ones.

~(b)  Activeness and Stockholding Measures: these measures

are more important and practical than their queuing features
predecessors and, therefore,will be used in this research
investigation. Hunt's work (78) formed the basis of most
of the studies that followed on in this area. The relevant
manual unpaced line cases that Hunt has treated are:-
(1) Each station is allowed infinite queues before it.
(2) No queues are permitted,except for station 1
which has an infinite queue in front of it.
(3) Each station is preceded by a finite queue, except
for the first with an unbounded queue preceding it.
In each of the above cases Hunt assumed that the 'input to
the first station is Poisson, the service times for each
station are exponential, the queue discipline is first
come first served without any defection, as soon as an
empty station received a unit service starts instantaneously,
and the moment the operation time ends there is an instantaneous

transfer of units from one station to its successor.

The maximum possible utilization was calculated for cases

1 through 3 for the purpose of showing the impact of buffer



stores, where utilization is defined as the ratio of mean
arrival rate to mean service rate. In order to avoid the
system states'dimensional problem, Hunt dealt with a maximum
of 4-station line for cases 1 and 2,and 2-station line in
case 3 (3-station line when the buffer capacity equalled
only one unit). In addition to utilization, Hunt calculated
the average total number of units in the line for cases 1
and 2 but did not obtain it for the more important and

practical case, 3.

The significance of Hunt's work liesin its being the first
one that mathematically proved and quantified the influence
of two line's variables, even though for short lines only.
The two main results of this study are:
(1)  As the inter-station buffer capacity is increased,
blocking is decreased and thus, the efficiency of the line
increases, but the marginal increase in efficiency
reduces with increased buffer capacity, given a fixed
number of stations in the line. Furthermore,only a
relatively small amount of buffer capacity is needed to
reach a very high level of efficiency.
(2) Given the buffer capacity, increasing the line's
length increases starving and blocking idle times which
results in a decreased level of line efficiency, but the
marginal decrease in efficiency decreases as the number
of stations in the line is increased. The implication
of this result, as Hillier and Boling (75) have reasoned,

is that if the tetal amount of work remains the same,



the overall production rate of two 2-station lines will
be higher than that for a line of four stations, and a
higher overall production rate can be achieved using four
one~station lines which means that when operation times are
variable, 'individual assembly' production system may be
preferable to the flow line system of manufacturing.
However, the inherent advantages of the production line may
outweigh the benefits of the individual aésembly in that
labour specialisation rises the efficiency of the production
line to a great extent, learning time is reduced, and the
amount of space, inventory, tools and other equipments is
usually less in flow lines as compared to individual
assembly (see Buxey (20) for a complete discussion).

Hunt's study can be. criticised on the grounds that the results

are too few, and arguably too specific, to be generalised,

the values of line length (all cases) and buffer capacity

(cases 1 and 2) are unrepresentafive'of those in more practical

lines, and in case 3% the total number of units in the system

was not considered.

The work of Hillier and Boling (72) marked the next major
step. They developed a technique for obtaining a numerical
solution to the set of equations representing system's

state for longer lines. They offered an exact procedure
which provides the output rate and the mean number of units

in the system for lines having exponential or Erlangian
operation times and any buffer capacity. Despite its relative
efficiency, the exact procedure is still time consuming

even for short lines. As a result, a more feasible approximate



numerical procedure was devised which can obtain the average
production rate for lines with exponentially distributed

work times, and whose computational time is nearly proportional
to line length. Hillier and Boling recognised that their
approximate method considerably overestimates the utilization
of the line, when the line length is relatively long (N>6),

and buffer capacity is small (B<3). Another shortcoming

of the approximate procedure is that it was solely concerned
with the mean production rate, ignoring the number of items

in the 1ine which is of an important economic value,

considering the amount of investment in the work-in-progress.

Basu (9) devised formulae for utilization, delay and average
number of units in the system,employing a mathematical
model which provides approximate solutions for exponentially

distributed service times. These formulae are:

D = 2(N-1)
(B+3)N-2
U = (B+1)N . and
(B+3)N-2
L = (B+1)N
2

. Comparing his results with those of Hillier and Boling (72),
Basu found that for U they were very cloée for high values
of B,and for L they were somewhat lower than Hillier and
Boling's at lower values of N, and higher at higher B.

Basu has also noticed that the effect of increasing B on
raising U (and thus decreasing D) is more significant than
that of reducing N, i.e. B is more important than N as

regards their impact on line's efficiency.



Recently, Panwalker and Smith (134) offered the following
equation to predict the output rate of an N-station line with

finite B and exponential service times:

PR = A - CyY where

A = 1 for all the values of N and B
CN = constant for a given N

‘Y = 1/(B+3)

Comparing the output rates of Hillier and Boling's
approximate procedure with those of their equation, the
authors demonstrated that they were remarkébly close for
higher B values, but for smaller B their values were less
than those given by the approximate procedure, . the difference
increases with N,for a given B. Panwalker and Smith

argued that this can be expected since Hillier and Boling
have indicated that their approximations tend to overestimate
the production rate for larger N and smaller B. On the

other hand, when the authors' equation results were compared
with the exact procedure of Hillier and Boling, it has been
found that they were lower than those of the exact -
procedure for small N and B. This demonstrates that, as

yet, no formula exists that can provide completely reliable
results for lines whose N and B are large, but there are

only workable approximations to fascilitate the analysis

of such lines. The assumption of exponential serviée times
limits the value and range of application of Panwalker and

Smith's work.



Rao (143), in a study of a two-station production line,
showed that the production rate is significantly affected

by the type and shape of the operation times distribution,

if the Covar value is large. For example, the normal service
times' output rate is significantly higher than that of the

Erlangian times when each distribution has a Covar of 20.7.

OPTIMAL BUFFER CAPACITY

It has been mentioned earlier‘in this chapter that the
higher the buffer capacity, the greater the degree of
uncoupling which reduces the amount of idle time and increases
utilization and production rates. Whenever an infinite
storage capacity is permitted, the efficiency of the line

is maximised since it enables each operator to work
independently of every other one. But infinite buffer
spaces never exist in reality and the cost of even providing
large B is not often Jjustified. In the other extreme,
allowing no B between the stations will render each operator
fully dependent on the others, causing massive idle time

and maximum inefficiency. Between these two extremes the
provision of a finite B value is the most common practice

in manual unpaced lines.

As was stated earlier, the buffer stores decouple stations'

work. However, a point will be reached beyond which the uncoupling
function of the buffers no longer earns enough returns to

Justify the inventory and storage space costs incurred as

a result of providing buffers between stations. At this

point the least cost optimal buffer capacity level is



attained. Therefore, a valid and essential design factor
for production lines that production management desires to

control, is the capacity of each of the individual buffers.

The buffer capacity provision cost is divided into three
major elements: -
(1) Idle Cost: which refers to the cost of operators'
idle time with its consequent decrease in production Trate.
(2) Buffer Storage Capacity Cost: which includes the
cost associated with providing the actual floor space
required to store the work-in-progress inventory, together
with the cost of storage equipment's maintenance and
investment.
(3) Stockholding Cost: which is the cost of the tied-
up capital resulting from keeping semi-finished items
in the buffers and statiohs along the line, as well as
the costs of handling the‘inventory into and out of the
line by special handling machinery, taxes, insurance

and stock damage.

These three cost elements are all assumed significant,
quantifiable, and dependent on, other things being equal,

the inter-station buffer capacity. While the idle cost
reduces when B is increased, the buffer space and inventory
holding costs go up with the increase in B. Consequently,
the operations manager has to solve the problem of balancing
" the three cost elements,in order to establish the least
cost, optimum B which combines a desirable mixture of

high output rate and low cost of production. The usual



procedure is to obtain the partial derivative of the total
cost function with respect to B,and then equating the first

- differential to zero so as to get the optimal B.

Young (184) and Basu (9) attempted to determine such a
minimal B for production lines having identical exponential
service times in all stations. The latter's expression is
more complete and accurate because it takes account of all
the three cost parameters and is derived from a better

idle cost formula. This expression is given by:

B = Izq 1 + [ |C4N(N-1) ~ 3 for N>1
- | CoN + 2C5(N-1)

where
*
B = optimum B
C1 = 1idle cost per unit time
C2 = stockholding cost per unit per unit time
03 = storage space cost per unit per unit time

This expression is especially relevant to production lines
with 'cyclic queues', where the item is éffixed to a fixture
or jig. Basu demonstrated that the results of cyclic
queues are identical, under the same conditions, to those

of Hunt's 'open-ending' queues.

Two criticisms might be pertinent to Basu's optimal B

model. First, the irrepresentative nature of the exponential
- working times which were used in deriving his equation.
Second, as the author admits, his results are slightly but

consistently higher than those given by Anderson and Moodie's



simulations, which will be mentioned later on in this chapter.
Nevertheless, the chief merit of Basu’s equation lies in
its simple and general form which addresses itself to lines

having any number of stations.

INVESTIGATIONS THROUGH SIMULATION

Perhaps one of the most widely simulated systems is that

of a sequence of servers ordered in series. Generally
speaking, unpaced manual line’s simulation studies describe
and represent more aspects of real-life production lines
than their queuing theory counterparts. As a tool for
investigation, simulation is advantageous in two main
respects. Firstly, distributions other than the exponential
or Erlangian can be used to describe workers operation times,
and secondly, much longer lines may be examined through

computer simulation.

The first manual unpaced lines simulation results were
published by Barten (8) who used the normal distribution

to represent workers’operation times. He simulated lines
with 2, 4, 6 and 10 stations, 0-6 buffer capacity units and
0.30,and 0.333 Covars. In addition to confirming the
effects of N and B on lines’ operating efficiency,whicn were
provided by Hunt’s queuing approach, Barten found that the
Covar itself influences the idle time of the line in that,
given N and B, as the variability of the service times
distribution increases, the probability of different work
times among successive operators also rises and hence, idle

time becomes higher.



Anderson (1) simulated lines whose lengths varied between

2 and 5 stations, with B's of 0,. 4, 8, 16 and 20 units,
normal distribution of service times,and a Covar of 0.3.

He found that the exponential service times' output rate
(which he defined as the total number of units produced at
the end of a production period of 100 time units), fluctuates
more often than that when the operation times are normally
distributed. He also found that the normal service times'
model exhibited more production rate than that of the

exponential service times'counterpart.

El-Rayah (44) conducted an investigation of lines having

3, 4 and 12 stations, O, 2 and 4 buffer capacity units,

and service times that are normal, lognormal, and exponential,

with Covars of 0.3, 0.3, 1.0, respectively. His major

contributions are as follows: |
(1) The decrease in the output rate (the increase in
idle time), as a result of increasing N,diminishes as B
goes up and as the Covar is reduced.
(2) The rise in production rate due to increasing B,
is higher the higher the Covar is, while the marginal
improvement in PR from raising the level of B decreases
with lower Covar and N values, other things being equal.
(3) Increasing N and B will increase the mean number
of units in the system, L, but the rise in L will
marginally reduce as B increases, and remains relatively
constant as N goes up.
(4) L becomes lower the greater the Covar is, provided

that B and N are small (B¢2 and N§4). This relationship



‘disappears when B increases,while N remains small and
then gets reversed, i.e. as the Covar becomes greater,

L tends to increase when B rises and N stays relatively
small.

(5) The effect of the Covar on L is much more important
than that of the shape of the operation times distribution.
Normal and lognormal service-times, which differ slightly
in shape, result in bractically equal L values when

they have the same Covar, especially as B increases.

(6) The output rate is influenced mainly by B, followed
by the Covar,and finally by N, whereas L is affected by

N, B,and the Covar respectively.

Moberly and Wyman (121) used simulation to study 'double'
production line's performance in comparison with that of
the 'single' line. In the fofmer,the line has two identical
operators in parallel at each station,with each double
station having a buffer capacity equivalent to one-half
‘that of the single station. This means that a single line
has twice the total buffer capacity of a double line. For
both single and double lines the authors utilized normal
service times with N = 6, 10 aﬁd a Covar of 0.3, and B
values of 4, 8. The results indicated that the double line
is significantly better than the single line counterpart in
terms of the output rate when B is relatively high (B = 3),
and/or N is relatively small (N = 6). In addition, the
effect of increasing B is much more significant than that

- of decreasing N on improving the performance of the production



line, be it single or double.- This study highlighted the
importahce of the double line as a legitimate design

factor that may increase the efficiency of the line.
However, the use of a total double line's buffer capacity
which is only half that of the single lines, i.e. comparing
one single line's performance to that of two double lines,
is unfortunate and the opposite comparison should have been

made in order to obtain meaningful and practical results.

Slack (160) simulated lines consisting of 5, 10 and 15‘
stations with buffer capacities of 1, 2, 3, 4, 6 and 8

units. The service times were described by the Weibull
distribution with its positively skewed probability function.
He found that this distribution is more representative of the
real operation times than the normal distribution, after
examining various published work time distributions. The

main findings of Slack are summarised below:

(1) The proportion of starving and, therefore, bloéking
idle time is influenced by buffer capacity, i.e. as B
increases, so does starving, but blocking is reduced.

In addition, no marked effect on starving seems to result

from the rise in line length.

(2) The relationship between L and N, B is expressed by:

L = 0.444BN - 0.244B + 0.993N - 0.239
(3) Both N and B affect space utilization, SU. When

B or N increases, SU tends to decrease. The functional



form of this relationship is:

' SU = 0.444BN - 0.244B + 0.993N - 0.239
BN -B + N

(4) Buffer utilization, BU, behaves in a similar manner
to that of SU with respect to the impact of B and N

on it.

(5) The idle time and stockholding results of the
Weibull service times are_of the same form as those of
the normal operation times, with the idle time of the
former being higher than that of the latter, but the.

difference between them is insignificant.

INDIVIDUAL STATIONS AND BUFFERS RESULTS

All the foregoing results were pertinent to the line as a
whole. Anderson (1) was the first to investigate the idle
time and inventory behaviour of the individual stations
and buffers along the line. He simulated a 4-station line
with a B of 10 units for both normal and exponential
service times. Anderson's salient results are:
(1) The position of a station in the line influences
its mean blocking idle time amount, with the first
station experiencing the greatest blocking proportion,
the second having the next biggest blocking,and so on,
i.e. blocking decreases along the line. The proportion
of starving idle time is also a function of where the
station is positioned in the line, i.e. starving increases
when moving from the first to the last station. Both
blocking and starving for the exponentially distributed

service times are higher than those achieved when the



In

service times are normal.

(2) The average buffer level, ABL, is dependent on the
position of the buffer along the line, with the early .
buffers accumulating high ABL which causes a great amount
of blocking in the early stations, whereas the ABL is
lower at the later buffers resulting in a large proportion
of starving in the iater stations, i.e. ABL decreases
down the line. The exponential operation times exhibit

a higher degree of buffer le&el filuctuation between the
empty and full capacity than that demonstrated by tﬁe
normal work times.

(3) As B increases, the total idle time at any station
tends to become 1ess,with diminishing returns as B
confinues to increase.

(4) Blocking and starving durations for any staﬁion

are very close to being exponentially distributed with

a mean that is equal to the standard deviation of the
service time distribution. This is true for both normal

and exponential operation times.

his study Slack (160) obtained the following results:
(1) The rate of increase in starving idle time along
the line is not uniform but appears, in most cases, to

be sharper towards both ends and relatively more gradual

towards the middle stations.

- (2) The decrease in ABL along the line seems less sharp

in the middle buffer stores.
(3) The ABL is affected by N and B. As N or B increases,

ABL tends to decrease. The relationship between the



average buffer size (b) in front of station n was found

to be: !
b=mi|n - gN—12} + ABL where
2
m = 0.005BN - 0.018 - 0.001N - 0.086B

ABL = the mean buffer level for the line as a whole

Slack reasoned that the implication of ABL's reduction from
one station to the next is that no uniform optimal buffer
capacityAvalue will be adequate, since if the value of B.

is the same throughout the line, excessive blocking will
take place toward the end buffers,and excessive starving
toward the early buffers. Another implication is that any
economic buffer capacity formula will be influenced by the
unequal distribution of the mean buffer lewvel. Slack
demonstrated that when using the optimal buffer size
expression of Anderson and Moodie (2) (see the next section),
the stockholding cost is overestimated by a quantity
equivalent to mN? and the economic buffer capacity is

12
increased by approximately 10% of L/2.

Rao (144) showed that in a 2-station line having any service
time distribution, both stations will have approximately
the same total idle time amount in the steady-state. He

argued that this is generally true for line lengths.of N>2.

OPTIMAL BUFFER CAPACITY VIA SIMULATION

Attempts to derive optimum B formulae were made by Barten (8),
Anderson (1), Slack (160), and El-Rayah (44). Of all these

formulae, the one provided by El-Rayah can be considered



as the most general and complete. So as to obtain this
formula, the author simulated lines having N = 2,3,4,8,

12 stations, B = 0,2,4,6,10, 30 units, and Covars of

0.075, 0.15, 0.30. 1In all these cases the service times
were lognormally distributed. Utilizing regression analysis,
the following expressions were obtained for the mean idle

time and mean number of units in the line:

I = -0.019+0.001B+0.705 Covar/B+1+0.0.604 N.Covar/B+1
L = 3.7+1.980N+0.554 B.Covar+0.518 N.B.Covar -0.044
N.B.-[10/B+1)] .

Based on the above two expressions, the following minimal

cost buffer capacity (B") was obtained:

-1

B* = (0.705 Covar + 0.064 N Covar)K4- 10Kz
(N—1)K2+(1.846N + 0.554 Covar + 0.518 N Covar)K3

where K1 = idle cost/unit time

Ko

storage space cost/unit/unit time

Kz = stockholding cost/unit/unit time
Note that this expression 1is of the same general form
offered by Andérson (1) and Slack (160), but the three
expressions differ in three respects. First, El-Rayah's
expression takes the Covar into consideration, whereas
the other two expressions assumed that it is fixed.
Second, the empirically derived constants in the three
formulae are not the same. Third, Anderson's optimum
buffer capacity expression for lines having exponential

servicé times provides higher B* than the lognormal and



Weibull process times’ formulae of El-Rayah and Slack,
which, in turn, supply greater 3* than the normal operation
times’expression of Anderson, the reason being that the
service times distribution with the higher variability
tends to give greater idle times,which lead to a higher B*
value than that provided by a less variable distribution.
Young (184) mentioned that the optimum buffer capacity for
paralleled lines are slightly higher than that computed

for single operator lines,and for each additional parallel

station,B increases by about 10S.

Despite being compact and useful, all B formulae suffer
from two drawbacks. These are:

(1) All the expressions are difficult to compute and
their constants are pertinent only to the specific
simulated situations and, therefore, may not safely be
used outside the range of the parameters’levels of the
simulation experiment, although they may give a rough
indication of the expected reasonable buffer capacity
which should be provided in the line.

(2) The expressions assume that all the work units in
the line have a unified unit inventory holding cost
structure. This assumption is not always Jjustified since
the degree of completion of the work units is not the same,
but increases as the units progress down the line and,
consequently, the stockholding cost per unit may also increase
along the line. As yet, this fact has not been reflected by

the research.



A GENERALISED LINE’'S BEHAVIOUR APPROACH

So far,all the simulation research studies mentioned were
concerned with the operating charactistics of unpaced manual
lines having specific ranges of the N, B,and Covar parameters,
and a particular type of work times distribution. No basis
has been provided for extrapolation from such investigations.
In order to solve this specifityproblem, an investigation

was conducted by Knott (96) with the objective of finding
the similarities between systems having different parameters
and distributions, so that a general theory of queuing
systems in series may be developed. Such an approach

cannot be conveniently classified as a queuing theoretical
or a simulation approach, but can be regarded as containing

the essential elements of both these approaches.

Knott pointed out to the existence of a consistent mathematical
structure in the numerical calculations of delay for the
unpaced manual lines, and went on to devise several formulae
that predict the efficiency of line’s operation, alongside

a theoretically based reasoning which can give credit to
extrapolation. Where results were unobtainable by an

overt mathematical analysis, computer simulation was resorted
to. The procedure adopted by Knott was to study the delay
experienced by a two-station production line with a buffer
capacity of zero for various distributions of operation

times, as the Covar is increased. From this the influences

of increasing N and B are examined and included in a formula



which describes the general 'inactivity' of the line;
inactivity being idleness (I) for lines with service times
described by the exponential or Erlangian distributions,

and delay (D) for the other distributions used, namely;

I or D = Covar’™Vv where
B + J)

V=fN) =2N- 1)/N

J = a constant which depends on the type of work times
distribution used and may be obtained from the
following formula when N = 2 and B = 0;

J = Covar/ (I or D/Covar)

1.773 Covar if the distribution is normal

For instance,J

J 3 if the distribution is exponential

So as to ascertain the validity of his inactivity expression,
Knott compared the expression's results with those obtained
from his own and other authors' simulations and queuing

studies. The comparison showed that the expression gives
results that fall within 4D of the exact ones and, consequently,
can be taken to provide reasonably good approximations.

Knott tried also to improve the efficiency of his expression

by developing a somewhat more accurate formula through the

introduction of a constant, Y, such that:
IB =0,N)/Covar = wV + Y
where ¥ = IB =0, N = 2)/Covar - Y

Y

a constant determined empirically

Knott's work is valuable with respect to its generality
and simplicity. However, a major shortcoming is its lack
of an expression for the mean total number of units in the

line (although this can be estimated).



SUMMARY

In this chapter various types of production systems were
identified and the reasons for selecting the manual unpaced
line for an inclusive investigation were elaborated.' A
description of this kind of line as a series queues system
and the important function of the buffer store as a
decoupling agent,which eases bottlenecks when supply and

demand are unequal, were then offered.’

Three main measures of performance and their elements

were introduced. These are the activeness, stockholding,
and queuing characteristics measures. It has been stated
that the first two are more important,practically,than

ﬁhe third. Next, the line balancing problem was explained,
together with the analytical, heuristic,and empirical
approaches to deal with it. Several stochastic line-
balancing techniques were then reviewed as well as the
drawbacks which render them not entirely suitable for

~

practical lines.

Presented also were the queuing theory and simulation
approaches, and their inherent advantages and disadvantages
were compared, emphasising the utility of simulation in
dealing with real-life lines. The chapter went on to
surve& the important queuing and simulation investigations
and their findings for the balanced manual unpaced lines

working under steady-state conditions. Among the most



significant results in this area are:-

Whole Line Results

(1) The efficiency of the line is a function of the
buffer capacity, B, increasing directly with the increase
in B, but the continuing rise in B will generate
diminishing returns.

(2) The efficiency of the line is dependent on the
line length, N, decreasing as N increases. However,
the marginal decrease in efficiency reduces when N
continues to rise.

(3) The line's efficiency is influenced by the
co-efficient of variation, Covar; decreasing when the
Covar increases. |

(4) The efficiency of the line is affected by the
shape of the work times distribution,only if the Covar's
value is high. In this case efficiency increases as
the distribution becomes less variable.

(5) The mean total number of units in the line, L,
is influenced by both N and B and rises directly with
them. However, the marginal rise in L diminishes as

a result of the increase in B, but remains relatively
unchanged as N increases.

(6) Thé effect of the Covar on L is not clear. On
one hand, L decreases when Covar increases, if N and B
are relatively small. On the other hand, L rises
directly with the increase in'Covar,if B goes up and

N remains relatively small.

(7) The efficiency of the line is mainly affected by B,



Covar, then N,respectively, while L is affected
respectively,by N, B, and Covar.

(8) The shape of‘operation times distribution is
less important in its impace on L than the Covar.
(9) Starving and blocking idle times are both
funqtions of B, the former increases but the latter
decreases,as B is increaéed. N, on tne other hand,
seems not to have a significant influence on both
starving and blocking.

(10) Buffer utilization, BU, and space utilization,
SU, are affected by both N and B. As N and/or B

rises, both BU and SU decrease.

Individual Buffers and Stations Results

(1) The steady-state total idle time is approximately
equal for all the stations in the line.

(2) Individual stations!' blocking and starving are
influenced by their positions in the line. As one
moves up the line, blocking proportion reduces and
starving proportion increases, the increase being
sharper at the beginning and end stations.

(3) The position of the buffer along the line
affects the mean buffer level, ABL, in that ABL

drops from one station to'the next, but the decrease
is more'gradual towards the middle buffer stores.

(4) B influences both stations' total idle time and
ABL. When B increases, both the idle time and ABL
decline. A similar relationship exists between N

and ABL.



Furthermore, the éhapter discussed é%e determination of an
optimal buffer capacity formula and-the current shortcomings
which render it often inappropriate for more practical
lines. Finally, the chapter is concluded by reviewing

a novel procedure (attributed to Knott) which tries to

avoid the problem of specifity of the simulation results,
which makes them relevant only to lines having a particular
type of service times distribution and certain N, B,and
Covar values. This procedure attempts to free the analysis

from this limitation so that the results become more general.

Having reviewed the research efforts into the balanced
manual, unpaced lines which have reached a steady-state
operational mbde, the next logical step is to survey the
literature on the nonsteady-state operating characteristics

for such lines. This will be the aim of the next chapter.



CHAPTER TWO

BALANCED UNPACED MANUAL LINES UNDER

NON-STEADY STATE CONDITIONS

INTRODUCTION

The research work reported so far has been concerned

with the operating characteristics of lines working under
stable state conditions. The steady-state phase of a
production line’s operation occurs as soon as nearly all the
transient effects have died down. During the transient
period the mean values of the performance measures are

not stable but continue to change, and can be quite

different from those of the steady state. Gradually,

but ultimately, the line will converge to a steady state

mode.

This chapter will review the research conducted into the
behaviour of lines having unstable operational patterns
during the non-steady state period. The majority of the
unpaced manual flow lines investigations have focused

on analysing their steady state (SS) behaviour,in the
belief that the non-steady state (NSS) behaviour represents
an unfortunate feature of line’s operations and, consequently,
is of little value. However, according to some authors,
such as Wild (176) and Slack (160), there are sound grounds
for believing that, in practice, a large segment of lines’
working time is being spent under NSS conditions. This

implies that much importance should be given to the design

of such lines so as to obtain efficient NSS results.



CAUSES OF TRANSIENT CONDITIONS

There are several reasons why an unpaced manual line

experiences non-equilibruim working conditions:
(1) Start-up of the line: the line usually starts
to operate at an ’idle and empty’ state, where all the
stations are idle and all the buffers are empty.
Under this condition,the line passes through an initial
transient period before it settles down. This line’s
start-up takes place on such occassions as the beginning
of the working day.
(2) Depletion of raw materials'supply to the first
station: if, for any reason, the stockof rawmaterials
feeding the first station is exhausted and not replenished,
the station will stop working throughout the period of
the cessation of the external supply, which leads to a
series of chain stoppages in all the following stations
down the line. When the supply is resumed and the line
starts working, a NSS situation occurs.
(3) Stoppage of the 1line as a whole: thewhole line
may stop at certain intervals, such as tea or lunch
breaks, shift changes, power supply failure, routine
maintenance checks, 1line rebalance, etc. (assuming that
such disturbances do affect the operation of the line).
As soon as work 1is restarted a start-up period will result

through the synchronisation of work along the line.

the production rate of a station may drop in the short
term from its normal level, due to human factors, e.g.

contingency and personal needs, which increases blocking



idle times at the preceding stations. A station(s)

can, 1in the extreme instance, stop working altogether
for a temporary period, because of the above or other
factors, such as minor breakdowns. This stoppage

may last for a short time, but its effects can influence
line’s effectiveness for a considerable duration.

If a middle station is forced down for any cause, after
a relatively short period all the buffers in front of

it will be full and all the buffers succeeding it will
be empty. As a result, throughout the stoppage period
the preceding stations will be fully isolated from the
succeeding stations and, therefore, the line can be
viewed as composed of two separate lines. As the
stoppage ends and work resumes, these two independent
lines will initially behave as if they have full and
empty buffers, respectively.

(5) Learning: where a new product or process is
introduced, workers will experience a NSS period before
reaching a steady level of productivity. Since the
learning element is important in estimating the transient
period, a review of its significant aspects is presented

below.

LEARNING CURVES AND FACTORS
Learning curve (start-up or manufacturing progress curves)
theory is based on three assumptions:7
(1) The completion time of a given repetitive task
will be reduced each time the task is repeated, as a

result of skill acquisition which is a function of the



number of task's repetitions. This decrease in unit
production time is associated yith increased productivity
and decreased unit cost.

(2) The decrease in task's completion time will
continue, but at a reduced rate.

(3) The reduction in task's completion time follows

a certain predictable function,which is called 'learning

curve' function.

Many such functions were claimed to provide good fit to
learning times data, however, the most famous and simple

is of an exponential form, namely: -
b
¥x = ax where

Yx = cumulative average man hours required to

produce unit number x.

x = number of finished units or number of
repetitions.

a = man hours of the first unit (the initial
performance time). |

b = learning improvement factor which is the slope
of the learning curve and = In R/In 2, whére
R = learning rate and is determined empirically,

depending on the particular industry and product.

Nadler and Smith (129) found that each work task has its
own individual learning curve. Furthermore, they found

that the learning curve of the whole product is a time-



welghted combination of its individual tasks' learning
curves. This complicates the theory of learning curves
and, as yet,. there exist no mathematical formulae for the
single tasks' learning curves or their weighted combination.
Another difficulty surrounding the learning curve theory,
as was mentioned by Towill and Bevis (169), is the fact

) that each of the work elements which constitute an
individual task also has its own associated learning time
function. Globerson (63), moreover, stated that the
learning curve of a task is a function of the individual

- learning curves of its elements and that the values of

its parameters differ from those of its work elements.

Kaloo and Towill (85) discovered the existence of a 'post
learning' or 'drift' phase,during which very small and slow
improvements in productivity, which can be adequately
described by a quadratic function, take place. This means
that tiny improvements in performance may still be expected
even during the SS. However, it can be argued that such
insignificant improvements which, in a sense, signify the
continuity of the NSS period, may be safely ignored and,
for all practical purposes, the SS condition is taken as
being attained since, as will be discussed in Chapfer five,

the SS is only approached but is never completely realised.

The learning curve model has found many applications in
various industries, especially with respect to training,
placement, and production planning. The importance of the

learning curve as a tool which can be used in predicting



workers' performance during task learning is derived from
the fact that the learning period represents a cost to the
firm since, during this period, task's completion times of
trainee workers are higher than those achievablé when they
| finish training, the difference being regarded

as an inefficiency cost. The learning curve helps in -

estimating this cost so that the necessary control measures

may be taken.

The significance of the learning period is reflected in a
survey, reported by Buxey (20), into USA industries, which
revealed mean learning times of up to 83.6 hours for assembly
line tasks. In addition, Baloff (7) declared that in

some industrial situations learning times of between 3 - 2
years were experienced. Under these circumstances the

cost of inefficiency becomes considerable.

Several factors affect the learning of tasks, the most

important quantifiable ones are::

(1) Task length (cycle time): Kilbridge (87) identified

the following three aspects which are affected by task length:
(2) The initial learning period: which is the period
from start-up until a steady performance is attained.
Kilbridge stated that longer tasks require more repetitions
and hence, longer initial learning period because
lengthier tasks contain more to be learned.
(b) The pace ultimately achievable: this is the
performance or working speed attainable at the ultimate

case of a relatively stabilized production level. The



author suggested that the pace achievable is a function
of task length, decreasing as task length is below or
above a certain optimal range.
(c) The recurring learning period: which represents
the initial learning period experienced by new workers,
due to turnover. The cost of this period is influenced
by task length, the longer the latter the higher this
cost is.
(2) Task complexity (difficulty): Hancock (68) stated
that the initial learning period is more affected by task
complexity than by task length, and that a reiationship
exists between task length and complexity. He also indicated
that the complexity of the task influences the learning
duration in the same way as the length of the task does,
i.e. the more complex the task, the longer the neceésary

learning period is.

Kvalseth (101) tried to determine the effect of task
difficulty on the learning curve function by considering
three levels of difficuity; namely, low, medium, and high.
His results showed that increasing the complexity
significantly raised both mean service time (average man
hours) and number of repetitions required.

(3) Task similarity: which signifies the extent to which
a task,that is being taught to an operator,bears a similarity
to another being, partially or fully, learnt by the same
operator in the past. When the learning of an old task
assists in the learning of a new task, a positive transfer

of learning due to task similarity is said to occur. The



field of task similarity is still largely undeveloped
since no attempt has yet been made to quantify it, probably
because of the difficulty encountered in measuring such

an intricate concept as similarity.

In trying to examine the transient behaviour of the
balanced unpaced manual line,the only practical and
satisfactory tool available to researchers is the simulation
technique. The queuing theory approach uses the limit
theorem to investigate the SS behaviour and it is a well
known fact that transient solutions to queuing systems

are either extremely protracted, or unobtainable. The
problem arises from the complexity encountered in solving
the birth-death differential-difference system’s equations
which renders the solution mathematically intractable.
Therefore, the queuing approach is unsuitable for examining

the NSS phase of the line’s operation.

SIMULATION INVESTIGATIONS

Comparatively little research into the NSS conditions
was reported, because most studies have concentrated on
the SS conditions. The NSS research may be divided into
two parts; the first being concerned with the whole line,
whereas the second considers the individual facilities

(stations and buffers) during the start-up period.

Whole lgge whin’/Chioations
Several studies concerning the transient behaviour of

the line as a whole have appeared in the literature. The



first author to touch on the transient behaviour was
Barton (8), who in the course of reporting his SS results,
specified that seven hundred product cycles were discarded
as making up the transient period, before collecting data
on the SS effectiveness measures. Although this period
provides an indication of the significance of the start-up
duration, Barten viewed it as an unavoidable disadvantage
of the simulation procedure, rather than depicting a

real line’s feature when it commences its operations.

Anderson (1) showed that during the early part of the
simulation run the mean number of units in the line,
starting the simulation with empty buffers, increases at

a high initial rate. As time elapses, the rate of buffer
build-up decreases until the buffer levels approach those
of the SS. Anderson’s work was also concerned with testing
the hypotheses that by allowing the buffer capacity to

be a time-dependent variable, total costs can be reduced
during the NSS phase. To achieve that, he initially chose

a buffer capacity value of zero, then increased B from

time to time, as the mean buffer level, ABL, grew up, until
ABL reaches the optimum SS value of B. The increase in B
was controlled by what Anderson termed as the ’control
rate’, R, which is defined as the number of product cycles
elapsed before B is enlarged by one unit. As soon as the
SS optimum buffer levels were arrived at, B’s sizes were
kept unchanged throughout the rest of the simulation run.
The author assumed that the change from NSS to SS occurs

R product cycles after reaching the SS optimal buffer



Anderson simulated a 4-station line having normal service
times, buffer capacities in the range of 0 - 28 in steps

of 4, and control rates of 50, 100, 150 and 200. The
simulation results were subjected to an analysis of wvariance
which verified that neither the transient idle time nor
transient mean number of units in the line are significantly
affected by the control rate. However, the length of the
transient period has been found to be significantly
influenced by the control rate. Anderson demonstrated

that in order to minimise the SS total cost function, the
value of the control rate snould be zero. "Therefore,

total cost .... 1is minimised by initially setting the
buffers at the steady state level and not attempting to
control the in-process inventory during the transient
period". The benefit of this study lies only in its
elimination of a dubious technique, from tne outset, of
improving efficiency, since in a real-life production line

it is inconvenient, if not impracticable, to make

continuous adjustments on the capacity of buffer stores.

Kala and Hitchings (84) simulated a line with four stations,
an infinite buffer size in each buffer, and Covars ranging
from zero to 0.24 in 50 different steps. Such unlimited

3 line has been shown by Hunt (78) to reach SS after an
infinite time period elapses (i.e. there are no SS
conditions in such lines),which is an unrealistic duration
in any simulation investigation and, thus, it can be safely

assumed that such lines operate under NSS conditions throughout



the simulation run. The authors'findings, however,
contradicted with those of Barten (8) and El-Rayah (44)
with regard to the effect of the Covar and the shape of the
service timesdistribution on the resultant amount of

idle time. Kala and Hitching's results may be regarded

as either inaccurate or unprecisely inferred from.

To date, the most important NSS study is that of Slack (160)
who simulated lines with N’s of 5, 10, 15,and B's of 1, 2,
3, 4, 6,and 8. The transient wvalues of idle time and mean
buffer level were measured for both empty and full start
initial conditions, the aim being to determine the length
and magnitude (size) of the transient state, where the

NSS length is defined as the time (in product cycles)
between the start of line's operations and the point

when the state of the line is considered to be adequately
close to SS. The transient's magnitude, on the other hand,
is defined as the size of deviation of the line’s transient

values from those of the SS.

As far as transient length is concerned, a testing procedure’

using the z statistic was employed to determine if there

are significant differences between the values of idle

time and mean buffer level during each transient period,

and their SS counterparts values (the simulation run was

divided into 10 transient periods of 50 product cycles

each) . The results of this test seemed to indicate the

following for empty as well as full start initial conditions:
(1) The line length affects the transient length, longer

lines having longer transient periods.



(2) The buffer capacity influences the length of the
transient period, lines with higher buffer capacities
will have longer transient periods.

(3) The idle time's transient length is shorter than
that for mean buffer level.

(4) The transient length for both idle time and
average buffer level is a function of the 'system
capacity' expression, N + B(N - 1), which represents
the total number of spaces available in the line. A

higher system capacity induces longer transient 1eﬁgth.

The following transient length (T) expressions were obtained
for the range of parameters' values used in the simulations: -

Empty start, idle time transient:-

T = 4.149((N~1)B+N) - 26.966

Full start,idle time transient:-

T = 4.136((N-1)B+N) - 17.601

Empty start, mean buffer level transient:-

T = 9.169((N-1)B+N) - 79.232

Full start, average buffer level transient:-

T = 10.70((N-1)B+N) - 80.629

Slack's testing procedure may be criticised on the grounds
that it assumed that the SS takes place at the start of

the first period whose mean idle time and mean buffer level
valuesdid not significantly differ from that of the SS,
even if a succeeding period is significantly different

in value  from the corresponding SS value.



With respect to the magnitude of the transient, Slack
considered it as the ratio of the idle time and average
buffer level values over the first part of the simulation
run (50 product cycles) to those of SS. All the transient
size results showed much less variability than those of
the transient length. The general conclusions may be
summarised as follows: .
(1) The idle time's transient size is a function of
both B and N, increasing N and/or B raises the transient
size. This is true for the empty and full start
conditions.
(2) The average buffer level's transient size is a
function of B as well as N. For the empty start
conditions, the transient size tends to decrease as N
and B go up, whereas for the full start conditions the
transient size rises dirently with the increase in N

and B.

Regression analysis provided linear functions for idle
time and hyperbolic functions for mean buffer level's
transient magnitudes. Table (2.1) shows these functions

for both empty and full-start conditions.

Individual Stations and Buffers Investigations

Moreno (123) attempted to develop expressions which
estimate the transient mean queues lengths in the
individual buffers. He simulated a six-station line with

a buffer caﬁacity of 90 and & Covar of 0.3. The work time
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distribution was described by an unusual function whose
inverse transformation (defined by X(R) = RA(1—RC)-B

for C>0) and direct F(X) cannot be determined analytically,
but its parameters (Covar, skewness and kurtosis) can be
obtained by utilizing Bessel functions. The large buffer
‘capacity size used practically implied that it is unbounded,
as it is extremely unlikely that any of the buffers will

be full during the simulation run and, therefore, an

unstable operating behaviour occurs.

The main observations reached by Moreno are:
(1) The mean buffer levels for all the buffers have
simular, though significantly different, patterns of
behaviour.
(2) The mean buffer level at each buffer will increase
continuously, when the buffer size is infinite, at a
rate of growth of a fa,where T = the simulation run
time.
(3) The Covar significantly affects the buffer level's
build up, but the influence of skewness and kurtosis

may be safely neglected.

Moreno's work suffers from two shortcomings. First, it
only dealt with the case of unlimited B, which may be
interesting theoretically;'but not practically. Second,

as admitted by the aﬁthor, the regression procedure
contained some degree of bias which overestimated inventory

build-up to some extent.



Payne et al (136) simulated a 20-station line having

Covars of 0.1, 0.2, 0.3, infinite buffer capacity, and

normally distributed operation times. The following

results emerged::<
(1) As the Covar increases, both the idle time at each
station and the maximum queue level at each buffer follow
suit. This result is similar to that for lines under
SS conditions.,
(2) The individual stations' idle times increase along
the line, as a function of their location. This behaviour
is attributable to the NSS operational conditions for such
lines since, in the SS, the expected idle time amount at
each station is approximately the same.
(3) The maximum queue length at each buffer is higher
for the buffer at the beginning of the line than that
for the end buffers.

Much of the merit of this research is reduced by the use of

unlimited B's.

Part of the simulation study of Wild and Slack (179)
investigates the stations' behaviour for the double and the
single lines, Basically the same whole line conclusions
regarding the éuperiority of the double lines over the
single lines, with respect to idle time, were obtained in
the case of the individual stations. In addition, the
individual buffers and stations' NSS results resembled
those of the SS. Furthermore, the authors found that the
finding of Payne et al as to the functional relationship

between idle time at a station and the position of that



station, along the line, is also applicable to thne

limited buffer capacity case.

Optimum Buffer Capacity

No expression for determining the transient economic buffer
capacity has been reported in the literature. Young (184)
mentioned that he conducted se#eral short-run simulations
for a line with various buffer sizes, in order to prevent

it from converging to a SS mode_of operation. The results
cleérly demonstrated that the optimum transient buffer
capacity is between 25% and 100% of that representing

the SS. This result is expected to some degree since
during the transient period (especially its early sections),
the mean buffer level is relatively low and that reduces
the stockholaing cost and, therefore, the optimal B

value becomes lower.

SUMMARY

This chapter is concerned with reviewing the research
into the transient behaviour of balanced'manual unpaced
production lines. It started with identifying the

- non-steady state characteristics as differentiated from
those of the steady state. Five likely causes for the
.occurrence of transient periods were given as line's
start-up, first station's raw materials exhaustion,
stoppage of the whole line, service times' temporary

increase at a particular station, and learning effects.



Various asﬁects of learning were discussed, including the
concept and assumptions of learning curves theory, the
likelihood of having different lea}ning curves for each
work task and each element which goes into this task, and
the factors affecting learning, viz, the length, complexity

and similarity of the task.

The chapter went on to discuss the difficulties encountered
when attempting to handle the transient behaviour by

means of a queuing theoretic approach and suggested that,
as the state of knowledge currently stands, thé simulation
approach is the only available tool for examining the

transient behavioural pattern.

Several simulation investigations were presented whose
major findings may be listed as follows:

(1) Whole Line Results

(a) . The effects of N, B and Covar on the operating
efficiency of the line in the NSS are, in general,
similar to those representing the SS conditions;

the two sets of effects differ only in terms of their
absolute magnitude.

(b)  The léngth of the transient period depends on
N and B. Lines with longer N and/or higher B
experience longer transient length. This is true
for both idle time and mean buffer level.

(c) The transient period for the ABL is longer
than that for the idle time.

(d) Both (b) and (c¢) are correct for empty and



full buffers initial conditions.

(e) Both I's and ABL's transien? sizes are

influenced by B and N, the former increases as N and/or
B rises, whether the line starts to operate with

empty or full buffers, whereas the latter decreases with
the rise in N and B for the empty startcase, but

increases directly with N and B for the full start case.

(2) Individual Facilities Results

(a) The distribution of starving, blocking, and
mean buffer level along the line in the NSS, and

the impact of the increase in individual stations'
Covar on I and ABL, are similar to those of the SS.
(b) The total idle time increases from one station
to the next during the NSS phase, whereas in the

SS it is ekpected to be nearly equal for all the

stations.

~ The double line arrangements, other things being equal,
demonstrated their superiority over the single lines
counterpart, in terms of reducing the amount of idle time,
for both the line as a whole and the single stations,
especially for lines having large N and Covar, and small B.
The chapter was then ended with the statement that the NSS
optimal B is usually lower than that of the SS.

Having surveyed the steady and non-steady states' literature
on the balanced unpaced lines, the next two chapters will
review what is already known about the transient and

equilibrium states for the unbalanced unpaced lines.




CHAPTER THRETE

UNBALANCED STEADY-STATE MANUAL UNPACED LINES

INTRODUCTION

The aim of this chapter is to review the research into
the behaviour of lines thatﬂare unbalanced and operating
under SS conditions as a prelude to the investigative
part of this thesis. The majority of the early studies
'on unpaced manual lines' characteristics have been exciusively
concerned with lines that are balanced in terms of having
equal operation times' means and Covars for all the stations,
and equal buffer capacities for all the buffers. The
main reason behind this direction in fesearch efforts
probably lies in the assumption that the efficiency of
the balanced line is higher than that achievable by the
unbalanced line. However, several authors, such as
Slack (160), Carnall and Wild (26), and De La Wyche and
Wild (39), argued that the unbalanced line, whether being
unbalanced with respect.to its process times' means, or
Covars, or buffer capacities, is of great interest and
can in fact improve the performance of the line. They
put forward the following reasons to justify unbalancing
the line:
(1) In practice some degree of imbalance is unavoidable
since, in most cases, the precedence and technological
constraints prevent the allocation of equal amounts of
work to stations, giving rise to balancing loss.

Experimental studies conducted by Kilbridge and Wester (92)



revealed that, on the average, between 5% - 10% of
operators working time is being wasted by industry in
the form of imbalance delay. Clearly, this loss is
costly and disruptive to the production system.

(2) The degree of imbalance, which represents the
manner of unevenly alloting work to the étations, is
considered to be as much a valid parameter for line's
-design as line length and buffer capacity. |

(3) Even if a notional mean service times' balance is
achieved, there is no guarantee that the line will.
operate at its maximum possible efficiency. Therefore,
some form or another of imbalance may result in a
superior performance to that of the balanced line.

(4) There is ample evidence which points to the fact
that individual operators, performing even simple tasks,
have different méan service times as a result of having
different mean speed capabilities, i.e. workers may be
classified as fast, medium, and slow, and the slowest
operator (the one with the‘largest mean work time)

will delay all those preceding and succeeding him.

(5) The workers may differ in their operation times'
variability, as measured by the Covar, as a consegquence
of inherent differences in their service times'variation
patterns and in task's natﬁre,because the work elements
which make up each individual task differ in their
complexityAand specifity.

(6) The amount of space available in the line is

often restricted by some technical considerations which



may make it impossible to distribute the total buffer

capacity evenly among the individual buffers.

Recently the unbalanced line's operating characteristics
have gained more popularity among researchers and,
consequently, several investigations have started to appear
in the literature. These investigations, as was the case
when reviewing the balanced lines' studies in Chapter 1,
are classified as queuing theoretic and simulation approaches,
and a third broad approach which does not convéniently fit
in any of these two approaches. The same criticisms'

which were directed at the use by researchers of
deterministic, exponential, or Erlangian service times,
buffers capacities of zero, short line'lengths (N<5),

and queuing characteristics' performance measures (refer

to Chapter 1), are valid in this and the next chapters

and, therefore, will not be repeated again.

Four types of line's imbalance were examined by researchers,
namely, the operation times'means unbalance, the variability
or service times imbalance, the unbalanced'distributioh

of total buffer capacity, and service times'means and

Covars joint imbalance.

UNBALANCED SERVICE TIMES'MEANS

In this case the means of operation times are unequal,
but all the Covars and buffer capacities are equal for

all the stations and buffers respectively.



(a) The Queuing Theoretic Approach

Hunt (78) touched on the case of means imbalance where
not all the stations have the same service rate. He obtained
an expression for the maximum possible utilization (Pmax)

for a 2-station line which is given by:

Pmax = mz(m1B+2 - m2B+2)/(m1B+3 - m2B+3)

where m; = mean service rate for station i, i = 1,2

The corresponding formulae for three and more stations
become more complex because of the disproportionate rise in

the number of state probabilities that need to be identified

and computed.

Hunt, further, derived the following formula for the mean

number of units in the line, L:
N

L = EEZ P,/(1 - P.)

T i=1
where

Pi = mean arrival rate for station i = utilization of

mean service rate for station i gtat%o? i,
. 1 =42,0,

The author stated that increasing Pi increases L and that
the marginal increase in L goes up as Pi rises.

Makino (108) suggested that it is possible to increase the
~utilization of a 3-station line having exponential service
times and zero buffer capacity, by allocating a lower mean

operation time fo the middle station.

Patterson (135) studied several lines with the objective of
minimising the interdeparture time for a given interarrival

rate. For a slow interarrival rate and exponential service



times, he found that a monotone ordering of the stations!

mean servicé rates is preferable, while for a very fast
interarrival rate (which is the limiting case and refers to
infinite supply of raw materials to the first station) he
favoured the very fast stations to be separated by very

slow ones, i.e. the service rates will alternate between high
and low along the stations.

Avi Itzhak (5) proved that for a line with unequal and
constant service times, the total time spent in the system

is independent of the order of the service times.

The same suggestion of Makino was studied Ey Hillier and
Boling (75) who used their exact procedure to investigate
the impact of the deliberate imbalance of the operation
times' means, for lines with up to four stations. For a
2-exponential station line they reached the conclusion that
the production rate decreases when unbalancing the line,
the decrease becomes larger, given the imbalance degree,
the larger the buffer capacity is. The authors indicated
that the reason for this reduction in PR is due to the fact
that as B increases, the blocking is reduced, and'the
efficiency of the line, therefore, becomes more sensitive
to the slowest station, i.e. PR is affected by the imbalance
which exists in the line. Hence, the best policy, the
-authors argued, is to balance the two-station line in order

to achieve higher output rates.

For a 3-station line having exponential service times,
Hillier and Boling's analysis was fascilitated by the
. o
(



!

finding that the production rate function of the line is
symmetrical with regards to the mean service times of stations
1 and 3,in that they can be interchanged without affecting

the line's production rate. Thus, given the mean service

time of station 2, the production rate rises as the

difference between the mean service times of stations 1 and

3 decreases,and is maximised if equal operation times' means
are sssigned to both these stations. This finding was

referred to as the 'symmetry' property.

The authors also found that the service times means'
sequences of 1, 2, 3 and 3, 2, 1 give the same output rate.
This ability to reverse the stations' order without influencing
PR was térmed as the 'reversibility' property. Furthermore,
the authors discovered a third property, the so-called

'bowl phenomemon' property, which signifies that the middle
station should be assigned a lower mean operafion time

than the end stations, i.e. it was found that the production
* rate can reach a maximum by shifting some proportion of the -
work load from’station 2 to stations 1 and 3. As buffer
capacity goes up, the aﬁthors noticed that the potential
improvement in PR of the bowl phenomenon arrangement over.
that of the balanced line reduces, and that the mean service
time of station 2 starts to increase towards that of the

end stations, i.e. the bowl phenomemon becomes less

- pronounced when B rises.

For a line with four exponential stations the authors'

work revealed that the symmetry, reversibility,and bowl



phenomenon properties are still valid. They showéd that

so as to maximise the mean production rate of the line,
stations 1 and 4 and stations 2 and 3 respectively must have
the same mean service time, with stations 2 and 3 having
slightly lower mean service time than that of stations 1

and 4.

The authors stated that the improvement in output rate, by
adopting the bowl pattern, over that of the balanced pattern,
increases from nearly 0.55% for a 3-station line to about
0.94% for a 4-station line, both lines with a zero buffer
capacity. Even though the percentage improvement in
efficiency by utilizing the bowl arrangement is relatively
low, it can result in substantial costs' saving over the
lifetime of a production line, considering the very large
total line's operating costs, especially if the saving

continues to rise as the line length is increased.

Moreover, the authors indicated that a line unbalanced in
accordance with the bowl phenomenon exhibited some degree
of robustness, in that it maintained its relative efficiency
in comparison with that of the balanced line even where a
high imbalance degree exists, e.g. it was possible to
unbalance three and four-station lines having a B of zero

by 17% and 28% respectively and still their output rates
were approiimately equal to that obtainable by é balanced

line.

Hillier and Boling admitted that they have no intuitive

reasoning to explain the bowl phenomenon except that the



middle stations may be more important than the end stations,
since they influence the stations before and after them

and thus, it could be that speeding up these middle
stations will be beneficial.

Table 3.1 shows the maximum improvement in the output

rates of the bowl phenomenon over those of the balanced

line counterpart, together with the maximum degree of
imbalance that can be'tolerated before the improvement
achieved by the bowl arrangement disappears, for N = 3,

4 and B of up to 4 units.

Hatcher (69) dealt with lines of 2 and 3 stations with
exponentially distributed operation times and developed
the following mean output rate's (PR) expression for a

two-station line: -

S + 1
S + 2

PR=PR1 1 - p
1 -pP

where PR1 = mean production rate of the first station
PR2 = mean production rate of the second station
S = capacity of the buffer sfore and second
station combined

P = ratio of PR1/PR2

Dividing both sides by PR2 gives the following more

useful formula:

PR/PR, = p(1 - pS + 1)
(4 - pS + 2
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Hatcher found that as the value of P decreases, i.e.

as PR1 becomes smaller,giving rise to a monotone decreasing
order of mean service times, the effect of increasing

the buffer capacity on PR becomes less, since the second
station will be faster than the first such that the

buffer between them is quickly exhausted and station 2

will be starved. Increasing the buffer capacity in this
situation will have little effect on PR. For example,

when the first station has % the speed of the second, |
increasing B from O to infinity causes an increase in PR

of nearly 12%. On the other hand, when P becomes extremely
large, leading to a monotone increasing mean service times'
vorder, the second station will.always have units waiting

in its preceding buffer and, as a result, ihcreasing B
will not affect its output rate. The limit of PR/PR,,

as B goes up, depends on the value of P. When P41 the
limit is P, whereas if P21 the limit is unity. When

P =1, i.e. the line is notionally balanced, raising the
buffer capacity has mdre effect on PR/PR2 than the cases

of P<or>1. |

When extending his analysis to a line with three stations,
Hatcher derived a very lengthy PR/PR3 formula. As is the
case for the 2-station line, he found that for a line
having 3 stations with large differences between their
mean production rates, the addition of more B will only

slightly influence PR/PRé. The limiting values of PR/PR3



were found to be as follows: .

Condition Pattern of Mean Limit of PR/PR3
Service Rates!
Arrangement

P,S1,P,<1 ~ (\) and () P

Fa>1,all Py (0,0, (/) et
values V)

P, 1, Py (\) and (A) 1—(1-P2)-(P1‘)(1'P2)(P1+P2>
P, P, (P1+P2-P1P2)

These limits were seemingly converged to when the buffer
capacity was 10, i.e. a value of B>10 has very little

impact on P1 and P2.

Kraemer and Love (100) derived the following expression for
the expected number of units in the system, L, for a

2-station, exponentially distributed operation times line:-

L= P - (B+3)pPB*73 for P#1
1 - P . _ B+ 53

Where P = mean output rate of station 1
mean output rate of station 2

The authors' main objective was to develop an optimum

buffer capacity model. They tried to derive an expression
which minimises cost ar maximises profit with respect to

three factors, viz, the output rate of the line, stockholding

cost, and space provision cost. The profit function for



P41 is given by:

T = L‘ /. \ 1-\'_:\ I71 P - (B+3)PB+3
\ 1_PB+3/ 1-p 4-pB+3

where g = gain from releasing one unit

B

- C2.

c1=.stock—carrying cost/unit

c,= storage space cost/unit
It was shown that this profit function is always integer
concave for P21, but its shape for P41 is a function of the
relationships between the mean operation time of station 2,
the gain from producing an item, and the unit stockholding
cost, however, an upper limit for the optimal buffer size
can be determined. The novelty of the formula above is in
its inclusion of a profit rather than a total cost function
and in the replacement of the idle time cost by the gain
per unit. However, the authors' protracted method of
analysis effectively prevents the speedy derivation of the

optimum B even for this two-station line.

In his study, Buzacott (25) suggested that if a buffer, due
to unbalanced mean service times, is always blocked or
starved, it has no beneficial effect or useful purpose.

In order to redress the detrimental impact of the imbalance
and improve the production rate, he favoured duplicating

a station if it is occupied by a slow operator, even if no

buffers were provided between the stations.

Hillier and Boling (74) established the validity of their

previous conjectures of symmetry, reversibility and bowl



phenomenon, using their exact numerical procedure, by
extending their existence to the following two lines' cases:-
(1) Ng6, exponential service times and small values of B.
" (2) N=3, Erlangian service times with a shape parameter, .
k, of k&7, and small B.
A subsequent analytical study by Muth and Mehta (128)
supported the validity of the reversibility property for

k = 1 (exponential service times), as well as for k>1.

In another paper, Hillier and Boling (76) put forward the
following expressions for their three conjectures:

(1) Symmetry: mi* = mN—i+1* where

*

m.
i

]

optimal mean service time for station i,
i=1’2'..,N

(2) Reversibility: PR(m1,m2,...,mN) = PR(mN,mN_1,...,m1)A

(3) Bowl phenomenon: mi*> mi“* for 1<igN-1
2 .
¥* * .
my < my for N+1 €1 N-1

+1
. 2

i.e. the stations are assigned a decreasing mean service
times' sequence as they get closer to the centre of tﬁe line,
and an increasing mean operation times' order as they move
away from the centre. Properties 1 and 3 above have not
been proven yet and the authors argued that thé proven
feversibility conjecture implies that a unique optimal
solution must satisfy the symmetry property. They further
indicated that both the analytical and simulation studies
supported the contention that.an assymetrical optimum

allocation of mean service times is implausible and cannot

take place.



The authors reasoned that the rationale behind the symmetry‘
property is that the production rate is likely to be
influenced by a blocked station towards the beginning of the
line in the same way as that by a starved station near the
end of the line. Furthermore, the bowl phenomenon may be
‘attributed to the fact that a particular station's starving
and blocking effect is highest on those stations which are
very close to it, whereas this influence is reduced as the
stations get further away. Since the middle stations affect
stations in two directions and both the early and end
stations influence stations in a single direction . only,

the middle stations are more important and, therefore,
should be alloted smaller mean service times (higher mean-

service rates).

Tembe and Wolff (168) investigated two different orderings

in a 2-station line with exponential service times and

found that if the station with the larger mean service time
is placed first, the total time spent by a unit in the

system decreases, i.e. pattern (\) is better than pattern (/)

in terms of the above performance measure.

Rao (144) examined a line with two stations and both Erlangian
and normal operation times. He showed that when both the
stations have identical variability, the symmetry and
reversibility properties will maximise the line's output

rate if the two stations are balanced with respect to their
mean operation times. This validates the conclusion of
Hillier and Boling (75) for two exponential stations and

extends its relevance to the Erlangian and normal stations.



Meister (117) examined a series queuiné system with infinite
buffer capacity and increasing service time's order, and
provided a complex formula, based on the equivalence

theorems, for the waiting time distribution of the units

in the buffers. It is doubtful if this type of work is useful
practically even though it may bé of some theoretical

interest.

Magazine and Silver (106) used heuristics based on the
Fibonacci numbers (defined by the difference equationv
(Fn+1 = Fn+Fn-1, Fo=F1=1, n = 2,3,...) to estimate

both the production rate and stations' mean service times
of the bowl phenomenon pattern for any number of stations.
They compared their heuristic's output rates and mean
service times'" values with those obtained from Hillier and
Boling's (72) exact procedure for line lengths of three

to six stations having B = O. The comparison showed that
the percentage of error resulting from using the heuristic
was very low and, consequently, the heuristic's PR estimates
seem very good and it may be effectively employed as a
predictive tool, especially since it is inefficient to

use the exact procedure to obtain the wvalues of PR for

more than six stations.

The authors showed that for B = 0, N up to 100 and exponential
operation times, it is advantageous to imbalance the service
times' means of the line according to the bowl pattern,

since it produced improvements in the output rate over

that of the balanced line in all the cases, with the greatest



gain being achieved for N = 10. In general, when B = O
and N between 5 and 20 the heuristic produces good, though
not optimal, results which give an increase in PR in the

range of 1% — 1.65%.

Comparing their results with those of the exact procedure
for N = 3,4,and B = 1,2,3,4, the authors reached the
conclusion that the heuristic overestimatgs the end stations'
mean operation times, underestimates the middle stations'
mean (i.e. it magnifies the bowl), and somewhat underéstimates
PR which meant that under such conditions the heuristic

is ;ess useful. Studying situations where Erlangian

service times exist, the authors stated that for N between

5 and 10, small B and small k, unbalancing the line is
effective. When the values of N, B, k are outside the
abovementioned ranges, searching for imbalanced patterns
that are superior to the balanced arrangement is only
warranted if it is computationally inexpensive, otherwise

balancing the line will not result in much loss. .

The merit of this work rests in the fact that it aids in
finding reasonable mean se;vice times' allocations for
values of line length that were not previously considered.
However, the shortcomings of this research are:
(1)  As the authors admitted, it does not provide good
PR's estimates for relatively large N, small B, and
non-exponential operation times.
(2) The heuristic itself assumes that fractional

parts of workers can be assigned to any statibn;:e.g.



half an operator is one who spends half his working
time at a particular station and the other half at
another one doing a different task. This clearly
violates the universal assumption made by all previous

researchers of assigning an operator to one station only.

Dattatreya (37) proved that the conjecture of reversibility
is valid also in the case of multi—operator‘stations if
their operation times are completely independent. He.
showed that this property holds for the total time spent

by n units in an N-station line with exponentially
distributed service times, i.e. the total time needed to
serve n units in one direction is identical to that required

to produce n units in the reverse direction.

In their latest useful paper, Hillier and Boling (73)
made a further study of the bowl phenomenon for line lengths
of up to 6 stations, buffer capacities of up to 4 units,
and Erlangian-service times with a shape parameter, Kk,
ranging from 1 to 7. The main conclusions of this study
may be summarised as follows:
(1) As N (N>2) increases, the mean amount of unbalance
in the optimal bowl pattern of mean service times
remains nearly the same.
(2) mz*, m3*, ceey mN_1* are appfoximately equal,
while m1* and mN* are much larger, when N goes up,
especially as B becomes higher, where mi* = the mean

operation time for station i in the optimal bowl

phenomenon arrangement.



(3) Increasing N, for a given B and k, will increase

the percentage improvement in PR of the bowl pattern

over that of the balanced line, but at a decreasing rate.
(4) The advantage, in terms of improved PR percentage,
of the bowl phenomenon over the balanced line counterpart
decreases rapidly with the increase in B. 1In addition,
iﬁcreasing B reduces the optimal degree of line imbalance,
but even for large B values it is still worthwhile to
unbalance the line in the appropriate direction (the
direction of the bowl phenomenonL in which case a |
slightly higher PR than that achievable by a balanced
line will result. This is an indication of the robustness
of the bowl pattern with respect to raising the wvalue

of B.

(5) Given B, as k is increased (as Covar is decreased),
the improvement in PR as a result of adopting the bowl
arrangement, over the balanced counterpart, is diminished.
However, the effect of increasing B on reducing the
improvement in PR is much greater for k>1 than for k = 1.
(6) The simultaneous effect of B and k is far greater
than that of either one separately, i.e. increasing

both k and B is likely to more rapidly decrease the bowl
pattern's advantage,as well as the optimum degree of
imbalance, than that obtained when increasing B and k

on a separate basis.

(7) The function of PR for the bowl configuration is
almost flat near its maximum peak value, and it seems
likely that the imbalance degree can be doubled and still
PR is slightly better than that of the balanced line.



Furthermore, any other unbalanced mean service times'
arrangement which substantially differ from that of the
bowl phenomenon,will lead to a quick drop in PR.
Therefore, it is quite important to assign the operation
times' means according to the bowl shape,or at least in
its direction.

Table 3.2 exhibits the effects of N, B, k on the bowl

phenomenon's performance.

(p) The Simulation Approach

Anderson (1) was the first to report an investigation of
unbalanced production line's behaviour through simulation.
He siﬁulated a four-station line having normal service
times with a Covar of 0.3 and buffer capacity of six units
per buffer. The service times' means of the four stations
were 1.0, 0.9, 1.1, 1.0 units respectively, i.e. their
pattern isv. The general observations of this research
are: - |

(1) The slowest station (station 3) exhibits the least

idle time, whereas the fastest station (station 2)

demonstrates the highest idle time.

(2) The average inventory levels for the two buffers

in front of the slowest station are near their capacity,

whereas the mean buffer level of the succeeding.buffer

is very low that this buffer is nearly empty.

The same production line was then simulated with exponential
service times and the resultant observations are generally

similar to those obtained for normal operation times, however,
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the exponential distribution, with its high variability,
caused station 3 to experience much more idle time than

that experienced when its service times were normally
distributed. Moreover, in the exponential distribution

case, the first and second buffers, though showing relatively
high mean buffer levels, were not as near their capacity

as in the case of normal service times. The pioneering
effort of Anderson has the shortcoming of completely
concentrating on studying the behaviour of the individual
stations and buffers for unbalanced lines, which is

though of some importance, nof as-significant as investigating
the operating characteristics of the unbalanced line in

totality.

To date, the most important simulation work concerning

lines unbalanced with respect to their average service

times is that of El-Rayah (46) who simulated lines of 3,

4, 12 stations having service times described by the nérmal,
lognormal (positively skewed ), and exponential distributions,
with buffer capacities of 0, 2, 4 units, Covars of 0.15,
0.3, 1.0, and degrees of unbalance ranging from O (a
balanced line) to 0.20. A search procedure was employed

to help in finding the optimal degree of imbalance which
provides the maximum production rate in comparison with

the balanced line's PR and further, to explore the
neighbourhood of this optimal degree in order to locate

the maximal permitted degree which coincides with the

achievement of an equivalent, or nearly equivalent PR,

i



to that of the balanced line (a breakeven point). El-Rayah
also used the multiple comparisonsand multiple ranking -
procedures, as well as the analysis of variance in his
investigations to tesf various configurations of mean service

times imbalance.

For a 3-station line having zero buffer capacity, equnential.
operation times, and different imbalance degrees, the
patterns of means imbalance were:
(1) low - medium - high means arrangement (a2 monotone
increasing order), which has been suggestéd by Davis
(38) whose work will be presented in the next chapter.
(2) High - medium - low means configuration (a
monotone decreasing order).
(3) High - low - high (the bowl phenomenon).

(4) Low - high - low (the reverse of the bowl phenomenon).

The author verified that the first pattern is always

better than the second with respect to PR and also
established that, in terms of PR, the fourth pattern is

the worst and consequently, decided not to use patterns

2 and 4 in any subsequent experiments. Confirming Hillier
and Boling's (75) results, the optimum design was the third,
i.e. the bowl phenomenon, which resulted in a 0.54%
increase in output rate over‘that obtained by a balanced

line,

For a 4-station line having exponential, normal, and

lognormal operation times, Covars of 0.15, 0.3, and a



maximum B of 4 units, four unbalanced means patterns were
considered, viz,
(1) Low - high - low - high (Patterson's (135)
arrangement). El-Rayah has initially verified that
this pattern is superior to its opposite counterpart,
i.e. high - low - high - low.
(2) High - low - low - high (the bowl phenomenon).
(3) Low - low - high - high.
(4) A monotone increasing order of mean operation
times (attributable to Davis (38)).
Again, the bowl phenomenon pattern showed itself superior
to both the balanced and unbalanced counterparts with

regard to PR.

For lines consisting of 12 stations only the normal and

exponential distributions were utilized and the configurations

of imbalance were as follows: .
(1) A monotone increasing order such that stations
1-4, 5-8, and 9-12 have low, medium, and high mean
operation times respectively (i.e. ).
(2) Low - high - low - high - ......... - high
(Patterson's design).

(3) The bowl phenomenon: of all the possible
alternatives,only the folloWing three were considered:-
(a) Stations 1-3,10-12 have the same high mean
work times, while stations 4-9 have the same low

mean service times.
(b) Stations 1-4, 9-12 have equivalent high means
values, whereas station515-9 are alloted equal low

means values.



(¢c) The two stations in the middle are assigned

the lowest means values,whilst the remaining stations

are successively allocated higher means values in

equal increments as one moves away from the centre

of the line. |
Again, the simulation results indicated that the three bowl
phenomenon varieties are better, in terms of PR, than the
balanced and unbalanced configurations, with pattern c
being the best, achieving a maximum improvement of 1%,
followed by a then b. This means that if c is impracfical
for certain lines, designs a and b, which closely resemble

it, may be advantageously adopted.

The broad conclusions of El-Rayah's work may be summarised

as follows:
(1) The bowl phenomenon is the most efficient pattern,
on the conditions that B is relatively small (B£2)
and/or the Covar is relatively high (Covar}O.15L'since
the potential for improving PR as well as raising the
optimal and breakeven degrees of imbalance from adopting
the bowl phenomenon strategy, increases as the Covar
is increased and B is reduced.
(2) The balanced pattern is optimal, as concerns PR,
when a high B.(B)4) is provided,or if a relatively
moderate B (2¢Bg¢4) is associated with a relatively
small Covar (Covarg0.15), since, as was stated in (1),
increasing B and reducing the Covar have the impact

 of decreasing the bowl phenomenon efficiency.

(3) In all the situations considered the Patterson's

method of line unbalancing results in a very tiny



improvement in PR over that of the balanced line,
provided that the balancing loss degreé is<0.04 and the
value of B is zero, but this method is inferior to that
of the balanced line outside this range and, therefore,
is regarded as unreliable. On the other hand, the
monotonically increasing operation times' means pattern,
as favoured by Davis, is consistently the worst tested;
it almost always produced significantly lower PR than
that achievable by a balanced line even when the unbalance
degree is very low and, as a consequence, is considered
inefficient. |

(4) This investigation confirms the robustness of

the bowl phenomenon that has been advanced by Hillier
and Boling (75), in that the degree of imbalance can
reach a high magnitude and still the yielded PR is equal
" to, or slightly lower, ,than that obtained from the .
balanced line. |

(5) The imbalance degree affects the mean PR of the
unbalanced line, no matter which pattern of means
imbalance is employed. For the configurations which
failed to generate PR's higher than that of the balanced
line arrangement, increasing the degree of imbalance
significantly reduces PR, whereas for the patterns that
provided superior PR values to those obtainable from

the balanced line, increasing the imbalance degree
initially increases PR until an optimal PR value is.
arrived at, beyond which any further increase in DI

will reduce PR, and after reaching a breakeven point,
the PR will deteriorate below the level of the balanced

line counterpart.
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(6) The normal and skewed shapes of the operation times
distribution have little influence on the optimum and
breakeven degrees of imbalance. In general, PR is lower
for a line with lognormal service times than that for
one with normal operation times. The Covar, however,
was shown to be more important fhan the distribution's
shape in influencing the optimal and breakeven degrees
of line imbalance, fhe greater the Covar the higher

such degrees are. On the other hand, using a less
variable distribution, such as the normal, supplieé
results which are strongly related to those of a more
variable distribution, such as the exponential, -

(7) The maximal potential increase in PR over that of
the balanced line, when the bowl shape is used, tends

to become higher as N goes up. This is in line with

Hillier and Boling's finding.

author stated that, based on the above conclusions,
bowl configuration is preferable to the balanced line,
higher the Covar, the smaller the B, and the larger

N. The reason being that under such conditions the
bability of blocking and starving idle times rises,

the bowl phenomenon alleviétes the detrimental effects

these conditions.

author went on to advance an explanation of the bowl
nomenon considering a 7-station line, with station 4

ng in the middle and having the fastest mean operation

_time, while stations 1-3 forming.a monotone decreasing



order of mean service times and stations 5-7 forming a
monotone iﬁcreasing order. The aﬁthor explained that the
likelihood of blocking and chain blocking, in a balanced
line,'goes up the closer a station is to the beginning

of the line. Likewise, the probability 6f starving and
chain starving increases for stations towards the end of
the line. These two components of idle time offset each
other in the steady state's operational mode so that the
utilization of all stations is approximately equal. The
superiority of the bowl design lies in its being capable
of attacking these idle times' components where they take
place more often. The decreasing order of mean operation
times from stations 1 to 3 diminishes the chance of them
being blocked when finishing their work. On the other
hand, the monotone increasing order for stations 5 through
7 decreases the probability of starving them. The middle
station behaves as a buffer between the two conflicting
kinds of iale time. When the Covar is reduced and/or B

is increased, the dependence between stations decreases
and, as a result, the bowl design (and any other unbalanced
means design) will become less efficient since the existing

line's imbalance starts to play its influence.

El-Rayah concluded that the direction of imbalance is so
important that an incorrect manner of imbalance renders

its PR much less than that produced by a balanced line.

The percentage improvement in PR by deliberately unbalancing
the line in the right direction can be large if the

alternative is any pattern which comes closest to a notionally



balanced line. He showed that in a 4-stations line, the
line"s designer may prefer an inverted bowl configuration
with a degree of imbalance of 0.02, over a bowl arrangement
with a balancing loss degree of 0.04, because the former

is nearer to the balanced line. When simulating both patterns
with normal service times, B = 0, and Covar = 0.3, he

found that the PR's of the inverted bowl and the bowl
designs are, respectively, lower and higher than'that of the
balanced line. Therefore, in view of the fact that the
nominal balance is often‘unlikely in practice, the selection
of a correct pattern of imbalance is an important factor
contributing to the efficiency of the line,

Table 3.3 provides data on the robustness of the bowl

phenomenon along with its maximum achievable PR.

A shortcoming of this work, despite its merits, is that
the stockholding properties of the means imbalance were
not investigated. Clearly, the stockholding measures
constitute an important part of any production line's

research, in addition to the activeness measures.

(¢) The Third Approach

Van Beek (170) stated that the unequal mean operation times'
imbalance leads to long-term delays which differ from the
short-term system's loss delays. Both the balancing and
system losses influence the efficiency of the unbalanced
production line, and are always concomitant in their

contribution to the total idle time of the line. The
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author indicated that the line length affects the balancing
loss in that the higher the former, the greater the latter
is, since the likelihood of a larger difference in mean

service times between the fastest and the slowest operators

is increased as N becomes higher.

Kilbridge énd Wester (90), in an attempt to determine the
optimum extent of the division of labour, identified the
means imbalance as an inherent cost. This cost results
from the fact that the industrial tasks in most cases
are not perfectly divisible, since the élementS'making up
the task are usually not discrete in nature, which will
ensure an unequal distribution of the total work content

among stations, resulting in unequal mean service times.

The magnitude of the balancing loss cost depends on the

range and the distribution of work element times, their

sizes in comparison to that of the cycle time, the constraints
imposed on the specific order of their assembly, and the
method of line balancing used. For a given cycle time a
relatively low degree of imbalance results when the task

is made up of many small elements rather than a few large
ones. Moreover, the imbalance degree is reduced if there

is no or few restrictions on the arrangement of work elements,
since the Jjob designer will have more freedom in assigning

the work elements to the tasks. Furthermore, other things
being equal, paralleling the stations can reduce the imbalance,
especially if one or more of the element times is larger than

the cycle time.



Kilbridge and Wester indicated that there is a functional
relationship between the cycle time and balancing loss.

As the cycle time decreases and becomes closer to the
element times, the degree of imbalance goes up,until a
further sub-division of the task becomes technically
infeasible. The'aﬁthors obtained the following general
expression for the imbalance experienced in various assembly

settings:

% imbalance = a/CTb
where CT = cycle time
a and b = constants which depend on the task's
nature and the restrictions on line

balancing.

Another formula for the percentage of balancing loss

(B%) was suggested by Wild (177),and is given by:-

B% = a/b
where a = average number of workelements assigned to
a station.

b = constant, usually around 20.

Muth (127) developed a novel approach to examine the
behaviour of production lines. Rather than trying to
identifyvand list all the system's states, as is done in

the queuing approach, or to find an approximate general
formula like that of Knott (96) (see Chapter 1), he emplcyed
the order statistics' techniques to describe the durations

of starving and blocking, and derived analytical solutions



for lines with two and three stations,as well as developing
procedures for calculating the upper and lower bounds of
the production rate for any number of stations and any
service time distribution. In an attempt to free his
examination from any direct reference to buffer capacity,
he argued that B buffers can be viewed as B serial work
stations, each with a service time of zero. In this manner
a line having N stations and N-1 buffers,each with a
capacity of B,may be conceptualised as a k-station line
where k = N + B(N - 1),and B(N - 1) of the stations have

process times of zero time units.

Muth then proved that the starving and blocking idle times
are jointly distributed random variables with a strong
relationship of dependence. He gave the following
expression for the mean production fate, PR, as

related to blocking, starving, and service times:

PR = . 1 where
E(~si) + E(Bi) + E(Ii)

E(Si) = expected service time of station i
E(Bi) = expected blocking time of station i
E(Ii) = expected starving time of station i

Assuming that the production rate of the slowest station
in the line determines the upper limit of the production
rate of the line as a whole, PRu, this upper bound for an

N-station line may be given as:



PRu = 1
max (B(S{LE(S,), ....,E(S)))

where

E(Si) = expected service time for station i

‘The author stated that PRu is only achieved if the operation
times are constant,or if the buffer capacity is unlimited.
Likewise, the lower bound on the output rate, PRL, for

a line with N stations is given by:

PR = 1 = 1
L —
E (max(s1,sz,53,....,sk)) T
where
Si = service time at station i
=<
T = 6/.(1 - F(t) dt
and
F(t) = F1(t) Fz(t) F3(t) e Fk(t)
Fi(t) = cumulative probability function of

operation times for station i.

Muth showed PRL/PRu to change with k for lines having
various Covars and operation times distributions, in that
when the Covar increases, sovdoes the difference between
the upper and lower bounds of mean production rates. He
next argued that because a realistic Covar value is <0.1,
the difference between PRu and PRL will be small, and
therefore, a reasonably accurate estimate of PR can be
obtained by this method. Having examined Hillier and

Boling's (72) results for a line with N stations, zero



buffer capacity, and Erlangian operation times, the author
concluded that the real output rate's value is nearer to
PR; than PR.

Two main objections may be raised against this study.
Firstly, the real manual work times' data suggest that, on
the average, a Covar of 0.1 or less is unrepresentative

and very small. Thus, for a realistic mean Covar value

of around 0.274 (as will be mentioned later), the difference
between the lower and upper bounds of PR will be wider,

and the actual PR will not necessarily be closer to PRL
than PRu. Secondly, the results of Hillier and Boling
correspond to lines with buffer capacity of zero,which
decreases the PR towards the lower bound, while Muth's
PRu, PRL expressions are entirely insensitive to the
line's buffer capacity and, consequently, do not provide
realistic output rates. The paper remains worthwhile,}
however, because of its employment of order statistics
as a tool for determining the characteristics of the

general serdies queues lines, and due to its setting of

upper and lower limits for the efficiency of the line.

Jacobson and Sadowski (83), recognising the viability of

the unbalanced line design, presented procedures for obtaining
feasible fractional and integer task assignments, using

linear and integer programming, which can be employed to
schedule workers on an unbalanced line, with the objective

of minimising the total inventory cost in the line so as

to maximise the line's output. However, the assumption of



deterministic unbalanced operation times, as well as the
assumption of full operator's utilization with no blocking
or starving idle times, make these procedures inappropriate
for the real life lines. Nevertheless, they can be viewed
as a step in the right direction to determine algorithms

for the unbalanced assignment of tasks to operators.

Shimshak and Sphicas (157) considered a 2-station line
where each item of work is composed of n distinctltasks,

- and k of those tasks are allocated to the first statibn

- and k2 = ﬁ-k] are assigned to the second station,with

the objective of distributing the n tasks to the two
stations in order to minimise the total waiting time.

They assumed Poisson arrivals and exponential task times
such that when more than one task is alloted to a station,
its service times distribution becomes Erlangian. The
interdeparture times of such lines are statistically
dependent and since the output from station 1 is an input
to station 2, the interarrival times at the second station

are also dependent.

As a consequence of the complete dependence of tﬁe second

station's arrival and departure processes, an exact formula
for its mean waiting time is unobtainable from a statistical
viewpoint, however, it is possible to compute it through

mathematical approximations or simulation. For this purpose
some approximate expressions, including that of Fraker (57),
were used and their outcomes were compared to those obtained

from simulations. In these simulations, the chosen values



of the utilization, P, were 0.1, 0.5, 0.9, 1.3,and those
of n were 2,3,4,5,6,10,20. For each value of n (except
for n = 20) all the possible alternative k, and k,
assignments were taken into consideration, including
balanced (k1 = k2) and unbalanced (k1=#k2) allocations,
with the latter having either increasing or decreasing
mean task times'order, i.e.‘(/), (N, for various degrees
of imbalance. The comparison demonstrated that all the

approximate formulae did reasonably well relative to the

simulation results.

The authors concluded that an equal (balanced) work
assignment can be regarded as the best design, since all
the unbalanced assignments were inferior in terms of

the mean waiting timg. Furthermore, when n is even, a
balanced line is possible, but if n is odd, a balanced

- line is impossible and the two slightly unbalanced
alternatives, whereby k, = (n-1)/2 and ky = (n+1)/2, giVe
nearly the same results and no one is superior to the other,
but both are preferable to other unbalanced arrangements.
The optimality of the balanced (or approximately balanced)
design was also found to be true with respect to the idle

time and the mean buffer level.

Although interesting, this study suffers from the drawback
that the model did not provide for blocking, as admitted

by the authors, in addition to the use of a very short

line and exponential task times, which renders its findings

inapplicable in practice.



UNEQUAL _COVARS' IMBALANCE

In this type of line's imbalance the.stations have unequal
variability of operation times but equal means, and the
total buffer capacity is allocated equally between the
various buffers.

(a) The Queuing Theoretic Approach

Tembe and Wolff (168) examined the sequencing of a two-
station line with one station having a constant serviqe
time and the other having variable operation times, with a
specific distribution function. They found that placing
the deterministic station first in order is favourable,

as far as the total waiting time is concerned.

Rao (144) stated that the effect of the change in the values
of Covar and buffer capacity on the performance of an
unbalanced two-station line having different Covars,

is similar to that for a balanced line counterpart, i.e.
increasing the Covar and/or reducing the size of the
buffers, decreases the efficiency of the line. He also

found that the reversal of the order of the two stations
with unequal Covars, has no effect on PR which means that
the reversibility property is valid for the Covars, as

well as the means imbalance.

(b) The Simulation Approach

Anderson (1) simulated a line with 4 stations, notionally

balanced mean service times, and a buffer capacity of six



units per buffer. The individual stations' Covars and

type of operation times distribution were as follows: -

Station ngg; Distribution
1 0.1 Normal
2 0.3 Normal
3 1.0 4 Exponential
4 0.2 Normal
aeraee "o

The findings of this study are summarised below:
(1) Since the mean Covar for the line as a whole is
greater than that for a balanced line with all the
stations having normal service times and a Covar of
0.3 each, the idle time for this line will be higher
than that for the balanced normal line. 1In éddition,
since this line's average Covar is less than that for
a balanced exponential line, its idle time is expecfed
to be less than that for the exponental line.
(2) The individual stations with greater Covars
experience higher idle times than those with smaller
Covars.
(3) There appears to be no effect on the mean buffer

level from having an unbalanced Covars arrangement.

In a subsequent paper, Anderson et al (3) simulated 2, 3
and 4-station lines with 0,2,4,6,8 buffer capacities and

normally distributed operation times. The individual



stations' Covars were allowed to differ and the overall
Covar of the line (Covar) was varied from 0.01 to 0.30
in increments of 0.01,and was calculated from the following

formula:

Covar = (Covar1)2 + (Covar2)2 Foeenee. + (CovarN)2

N

where Covar i = Covar of station i, i = 1, N

For each overall Covar's value two patterns of Covars
imbalance were used, for example, in a 3-station line

with an overall Covar of 0.20 the two patterns were:-

Pattern Covar 1 Covar 2 Covar 3 Overall Shape

Covar
1 0.20 0.05 0.28 0.2007 Vsv
2 0.24 0.24 0.08 0.2013 e

where

V = relatively variable Covar

S = relatively steady Covar

The authors' results indicated that the idle time of the
line is a function of buffer capacity, the overall Covar,
and line length, in a similar fashion to that when the
line is balanced (see Chapter 1). The results also showed
that the pattern of Covars imbalance has no significant
influence on the line's idle time. This is in contrast
with El-Rayah's finding,which will be reported later on

in this section.



With regard to the mean total number of units in the

line, L, it appeared that L is affected by both B and N,
as was the case for the balanced lines, but with the
addition that the increase in L diminishes then stops as

B rises further. Additionally, the overall Covar seems to
exert no significant impact on L. Moreover, the results
on the individual stations and buffers' behaviour for this
unbalanced Covars investigation are in general agreement
with those of the balanced line (Chapter 1), with the new
finding that the overall Covar appears to have little

effect on the individual buffers' mean inventory level.

Anderson et al developed the following expressions for

I and L:

0.028 ~..0.870

I = 1 (0.134 + 0.131N + 0.111 Covar + 0.052N Covar)

B+0.453
L = 0.08 -~ 0.27B + 0.93N + 0.41NB
The authors went on to derive an approximation to the

optimal buffer capacity (B*) as:

B = / a1k - 8.2
.~O.27L1 + O.41NL1 + (N—1)L2

0.028 .870

where a, =-0.1%4 + 0.131N +0.111 Covar + 0.052N Covar

a, = 0.453

idle time cost/unit time

-
] ]

1 stockholding cost/unit/unit time

space provision cost/unit/unit time

N
1

El-Rayah (45) simulated 3,4,12-station lines having notionally

balanced normal service times and zero buffer capacity for



all'the buffers, and unbalanced Covar values, utilizing the
analysis of variance and multiple comparison for the data
‘analysis. The experimental design, output rate, and the
percentage change in PR over that of the balanced line from
using the various unbalanced Covars patterné are shown in

Table 3.4.

It should be noted that in this table the second, third,

and fourth patterns in B3 are,respectively, the high -

"low - low- high, low - high - low - high, and low - medium -
medium - high configurations,which are similar in shape

to those investigated by the author in (46) with respect

to operation times' means imbalance. Note also that the
four patterns of both C1 and C2 are similar in form to

their counterparts in A and B3. In order to reduce the number
of patterns in C1 and C2 to a small subset out of an
enormous number of possible combinations, the restriction
has been made that a station having a low Covar should

not be separated by another one having a high Covar.

The main conclusions of this study are that the differences
in L between the various patterns in designs A through C2
are slight and not statistically significant, indicating
that the inequality of Covars has little impact on L.

On the other hand, the Covars imbalance does have a
significant effect on PR. It was found that the best

Covars unbalance pattern is the high - low - low - high
which resulted in a significantly superior PR over those

obtained by the other unbalanced patterns and the balanced
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line. This paints out the existence of a bowl phenomenon
with regard to the service timesl Covars imbalance,in
addition to that which exists in the case of means unbalance.
Furthermore, the superiority of the Covars bowl phenomenon,
over the other unbalanced patterns, increases as N is
increased. The tentative rationale of such a phenomenon,

as argued by El-Rayah, is that the allocation of low Covars
to the middle stations produces the same effect of speeding
them up as when they have low mean operation times,which

was discussed earlier in this chapter.

Apart from the major conclusions,some other findings
related to each particular design are:
(1) In A, assigning the lower Covar to either the
beginning or the end station will result in almost
identical PR.
(2) In B1l, the first and fourth configurations are
significantly worse than the second and third, as far
as PR is concerned. Thus, the low Covar should be
alloted to either stations 1 or 3.
(3) In B2, the fourth pattern,which is the opposite
of the third (the bowl phenomenon pattern), is significantly
the worst. No significant differences in PR were found
among the other patterns (with the exception of the bowl
phenomenon arrangement) .
(4) In B3, the balanced configuration is significantly
superior to the low - high - low - high pattern, but not
significantly better than the low - medium - high

pattern. The results of B3 resemble those of the unequal



service times’means, with the single difference that
the pattern representing an increasing order of Covars
is better than the low - high - low - high pattern.

(5) In Cl, there is no significant difference in PR
between the first and third patterns, which confirms

the result of A.
(6) In C2, the first configuration is superior
(significantly) to the fourth, but not so to the third,

lending support to the result of BS5.

Carnall and Wild (26) examined the effect of having constant
and variable stations (Weinbul distributed) 1n the line. The

authors’ experimental design is exhibited below:

Experiment N 3 Covar of the Pattern of
Variable Station Covars Imbalance

4 1,2,5 0.10,0.27,0.50 V,C,C,V (The bowl
phenomenon)
c,v,V,C (an
inverted bowl)

2 10 1,2,5 0.27,0.50 v,v,v,v®,u,*, v~*, v,v,v
(the bowl phenomenon)
(random)
(

an inverted bowl)

whe re

V = relatively variable station (Covar =0.1 or 0.27
or 0.5)

C = constant station (Covar = 0.0)

The results were subjected to the analysis of variance

and pairwise comparisons. The main findings of tnis

research are:
(1) Placing the constant service times at the middle
stations and the wvariable service times at both ends of
the line (the bowl pattern) is the best policy,
reducing the mean idle time and increasing the output

rate by up to 4Fover that of the other unbalanced



designs. But raising B and reducing the Covar will

decrease the advantage of tne bowl pattern

(2) B and Covar significantly affect the efficiency

of the line in the same manner as that of the balanced
line case.

(3) Tﬁe gain in efficiency, from arranging the Covars
according to the bowl phenomenon, is likely to be
significantly higher than that obtainable from assigning

the means according to the bow; configuration. -

UNEQUAL BUFFER CAPACITIES' IMBALANCE

In this third type of imbalance, all the stations in the
line have exactly the same service times' means and Covars,

while the individual buffers have unequal capacities.

(a) The Queuing Approach

Hatcher's previously reviewed study (69) was the onl& one
to touch the‘unbalanced buffer capacities situation from
a queuing perspective. Two cases were investigated for a
3-station line:
(1) When one buffer has a considefably larger capacity
than the other, increasing the size of the smaller
buffer,'rather than the larger one, wi;l yield the
highest rise in PR. .
(2) If both buffers are equal in capacity, inereasing
the size of the second buffer, rather than the first one,
is more beneficial. The difference in benefit (D)

depends on B and is given by:
1- (3B
2

D =

B + 5N + 9/2



) The Simulation Approach

El-Rayah (45) simulated 3 and 4-station lines having
normally distributed operation times and Covar of 0.3

for each station. The simulations' data were then subjected
to the multiple comparisons and analysis of variance
procedures. Initial runs established that when the total
buffer capacity of the line is <4 (N - 1), i.e. the mean
capacity per buffer is <4, unbalancing the buffer capacities
for short lines has the consequence of reducing PR and
increasing I, therefore, the optimal design, 1in terms of
both PR and I, 1s an equal distribution of the total
available B. The author chose total buffer capacities

of 8, 24 for 3-station lines, (i.e. 4, 12 units on average
per buffer)and 12, 36 for 4-station lines, (i.e. a mean
capacity of 4, 12 units per buffer). The adopted method of
unbalancing the buffer sizes was to reduce the capacity of
a single buffer by one or two units and assign it (them)

to another buffer. All the permutations of the unbalanced
buffer capacities were considered.

Table 3.5 shows the patterns of imbalanced buffer capacities,

together with their results. These results indicate the
following:
(1) Unbalancing the capacities of the individual

buffers will not lead to a significant improvement in
PR over that of the balanced buffer sizes design,since
* the latter results in a very high PR.whi?h means that
it is virtually impossible to significantly improve
upon it. In general, the effect of the inequality of

buffer sizes on PR is very low.
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THE EFFECTS OF UNBALANCING BUFFER CAPACITIES FOR SHORT
LINES WITH NORMAL SERVICE TIMES AND A COVAR OF 0.3 -
ADAPTED FROM EL-RAYAH (45)

N T8 Bl B B3 PR L  M-PR_ ML
3 8 4 4 - 0.9665 7.016 datum datum
8 3 5 - 0.9633 6.349 -0.32 -9.51
8 5 3 - 0.9645 7.637 = -0.20 +8.85
24 12 12 - 0.9901 14.144 datum datum
24 11 13 - 0.9889 13.104 -0.13 -7.35
24 13 11 - 0.9905 15.001 +0.03 +6.06
24 10 14 - 0.9875 12.469 -0.26 -11.84.
24 14 10 - 0.9901 15.582 0.0 +10.17
4 12 4 4 4 0.9609 10.165 datum datum
12 3 4 5 0.9065 9.309 -5.67 =8.42
12 3 5 4 0.9612 9.782 +0.02 =3.77
12 4 3 5 0.9590 9.680 -0.20 -4.77
12 4 5 3 0.9615 10.734 +0.06 +5.60
12 5 3 4 0.9584 10.535 =0.26 +3.64
12 5 4 3 0.9594 11.098 -=0.16 +9.18
36 12 12 12 0.9887 24.005 datum datum

36 11 12 13  0.9881 23.162 -0.06 -3.51
36 11 13 12 0.9890 23.762 +0.03 -1.01
36 12 11 13  0.9878 23.%358 =0.09 =-2.70
36 12 13 11 0.9878 24,323 -0.09 +1.33
36 13 11 12 0.9882 23.084 -0.05 -3.84
36 13 10 13 0.9867 23.519 =0.21 =2.03
36 12 14 10 0.9877 25.142 -0.11 +4.74
36 11 14 11 0.9890 23.762 +0.03 =1.01

where

N = line length

PR = mean production rate

L = mean total number of units in the line

Bi = Dbuffer capacity of buffer i

TB = total buffer capacity

M = % change in PR or L over that of the balanced pattern

Datum = balanced line's PR or L as bases for comparisons



(2) Wherever imbalance of buffer capacities is
unavoidable, allocating higher capacities to the middle
buffers and 1owef capacities to the early and end buffers
| is more efficient, with respect to PR, than othér
unbalanced configurations. Therefore, a bowl phenomenon
with regard to buffers contents' imbalance does not
distinctly exist and, for high TB and low imbalance,
it results in a similar PR to that of the balanced line.
IThis implies, in essence, that the most efficient and
reliablé pattern isla balanced one.
(3) If the aim is to maximise PR, an increasing order
of B's will generate a lower PR than that obtainable by
the balanced and any other unbalanced arrangements and .
therefore, should be discouraged, whereas if the objective
is to decrease L, it should be encouraged since it
yields significant reduction in L (up to 12%) over that
of the balanced configuration. Furthermore, in almost
all the cases tested the savings in L,from adopting an
increasing order of B,far exceeds the resultant decrease
in PR. However, the absence of an objective measure of
the relative importance of L and PR precludes any firm
recommendation in this direction.
(4) A decreasing order of B increases L, as compared
to that of the other unbalanced and balanced patterns,
and gives a PR which is lower than that achievable by
the balanced line, but not always higher than that of
the other unbalanced configurations.
(5) The sensitivity of short lines to the unbalanced

allocation of buffer capacities is much less than that



of the service times''means or Covars imbalance.

Though interesting and advaﬁtageous, this work has two
main shortcomings (in addition to that of utilizing a
short N value). Firstly, the selecﬁed TB (and hence MB)
values were so high that it was not possible to obtain
significant contrasts between the wvarious patterns,
since they initially produced high PR's. Secondly,

no attempt has been made to determine the influence of
having higher degrees of imbalance on PR,when allocating

the total B among the buffers.

(c) The Third Approach

The research study of Knott (96) showed that the highest
achievable efficiency, for a given TB value, takes place
where all the buffers have the same amount of storage

capacity. This supports El-Rayah's finding.

Soyster et al (164) used separable programming to determine
the optimal distribution of the total buffer capacity and
then constructed a simulation model to evaluate the-
mathematically obtained results, for N = 4,6,7,8 and different
TB allotments. They found that a modest imbalance in

buffer Capacities'assignment appears not to affect PR,

however, an extreme unbalance can significantly reduce PR.

(4) OPERATION TIMES' MEANS AND COVARS IMBALANCE

This type of imbalance is characterised by the fact that
both the means and Covars of stations' service times are

Jointly unbalanced, while the line is otherwise balanced



insomuch as the allocation of total buffer capacity

is concerned.

(a) The Queuing Approach

The research into the steady state behaviour of lines
unbalanced with reference to both their means and Covars
is solely confined to the queuing theoretic approach and,

as yet,no simulation study of such lines has been reported.

Rao (143) examined a two-station production line with one
station having exponential service times (Covar = 1),

and the other having deterministic service times (Covar = 0).
Any order of the two stations is allowed. He showed that
‘a small percentage increase in PR of nearly 0.26% is
achieved when the exponential station is slightly faster,
i.e. when its mean operation time is slightly lower.
Increasing B, however, quickly diminishes the improvement
of this pattern, e.g. for a B of zero, the optimum ratio
of the constant to the exponential stations' mean service
times is 1.08:1, for B = 1 the optimum ratio becomes
1.01:1, and for B = 2 a balanced line (a ratio of 1:1)

is the best. In addition, Rao demonstréted the robustness
of unbalancing such lines in the correct manner by showing
that no appreciable reduction in PR results,even if the
mean service time of the constant station is 40% higher

than that of the exponential one (a means ratio of 1.2:1).

In a second paper (144) Rao examined a 2-station line with

Erlangian and normal process times and proved that if the
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a balanced arrangement of mean service times is either
detrimental or at least not optimal, as far as PR is
concerned. In this case the PR can be optimised when a
slightly higher mean is assigned to the less variable

station. As the difference between the Covars of the two
stations increases, so does the optimum degree of means
imbalance, until it reaches to a 1imiting value of 0.07

when the difference in Covars becomes 1.0, i.e. when one
station is constant and the other is exponential. The

author further indicated that unbalancing the line in the
wrong direction reduces its PR.. He argued that the deliberate
unbalance of the stations' mean service times tends to

correct the already existing imbalance in their Covars.
Moreover, increasing the value of B plays a corrective role

on the existing Covars'imbalance by decreasing the need to

unbalance service times' means.

For a line having exponential first station and Erlangian
second station with B = O, the author found that alloting
slightly higher mean to the less variable (Erlangian)

second station will slightly increase PR, and that the

higher the Covar of the Erlangian station, the lower the
improvement in PR over that of the bélanced mean service
times. When the Covar of the Erlangian station becomes 0.8,
the difference in variability between the two stations narrows
close enough to warrant balancing the line. Similar

results were obtained when the second station has normal,

instead of Erlangian service times.

In a third paper, Rao (142)»established the validity of the

concept of assigning a slightly lower mean operation time



to the more variable station regardless of its position

in the line, so as to increase PR, for a three station lihe
with each station having a non-identical Covar. He

examined six different patterns of means imbalance for the
cases of having one deterministic and two exponential
stations, and two constant and one exponential station.

In each case the maximum PR was achieved when the exponential

station(s) was made faster.

Rao explained that in a 3-station line having identical
exponential stations, the bowl phenomenon results in a
maximum improvement in PR of 0.54% over that of the

balanced counterpart. However, with non-identical stations
(i.e. stations with different Covars), the maximum improvement
in PR rises sharply to 6.79%. Remembering that the maximum
PR's increase for a 2-station line with non-identical

Covars was 0.26%, the sharp increase to 6.79% for a 3-
station line encourages the speculation that longer lines

may yield even larger improvements.

The bowl phenomenon's effect was then compared to that of
the non-identical variabilities of the individual stations,
and it was found that sometimes the latter outweighs the
former. For example, when the individual stations are,
respectively,exponential, deterministic,and expdnential,

the optimal pattern of their mean service times is an
inverted bowl, because the variability imbalance requires
that the less variable station (station 2) should be assigned

the highest mean, whereas the bowl phenomenon demands the



the mean of this station to be the lowest, but it was less
prominent and, therefore, was outweighed by the variability

imbalance.

Studying a line having a uniformly distributed middle
station and exponential end stations, the author found
thaﬁ when the Covar of the central station is 0.5, the bowl
phenomenon and variability imbalance effects are exactly
equal and cancel each other, therefore, the optimal PR is
obtained when the line is balanced. Furthermore, when the
difference in Covars between the uniform station and the
exponential ones is <€0.5, the bowl phenomenon effect is
more predominant, while if the difference is>0.5,the
variability imbalance effect is more prominent.

Figure 3.1 depicts Rao's results. .

Mishra et al (119) investigated the same three-station
line of Rao, with the single exception that the middle
station being Erléngian with parameter k, rather than being
uniform. They found the bowl phenomenon to predominate
when the central station's Covar is in the range
1//3<Covar<1.0, whereas the vafiability imbalance prevails
if the Covar of the middle station is in the range
0.0éCovar‘WQg: The two effects neutralise each other,
resulting in an optimum balanced line, when the middle
station's Covar is exactly 1//3.

Table 3.6 shows the abovementioned findings. From this
table it seems that the robustness of the inverted bowl

configuration increases as the Covar is decreased, which

is opposite to that of the bowl phenomenon, i.e. the



FIGURE 3.1

THE EFFECT OF THE BOWL PHENOMENON VERSUS THAT OF
THE VARIABILITY IMBALANCE ~ FROM RAQ (142)

where
CV = Covar
l = Deterministic Station
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flexibility of the bowl pattern rises with the increase

in the Covar.

Summary

This chapter was concerned with reviewing what is currently
known in the area of unbalanced manual unpaced lines operating
under stable working conditions. It started by enlisting
the main reasons why an unbalanced line, in one way or
another, is worthy of investigation. Four imbalance types
were identified, viz, unequal operation times'means, |
imbalanced Covars, unequal buffer capacities, and
simultaneous means and Covars unbalance. Following that,
the research efforts into each of these kinds of imbalance
were surveyed in turn, while subdividing them into queuing
theoretic, simulation approaches, and a third one which
cannot be fitted into either. Theé most important of the
research findings may be summarised as follows:

(1) Means Imbalance

(a) The output rate for stations with identical Covars

is not affected if the order of mean service times is
reversed,and if the early means are interchanged with

their corresponding end means (the so-called 'reversibility!
and 'symmetry' properties) and for N»2, PR is maximised
if the pattern of means resembles that of a bowl (the

'bowl phenomenon' property). For N = 2 a balanced

design is optimal.

(b) The bowl pattern is more advantageous and efficient
than any other unbalanced configuration, in terms of PR.

It is also superior to the balanced line and its advantage



over the balanced design decreases as N, Covar are
reduced, and as B is increased, other things being equal.
The marginal decrease in the bowl phenomenon's advantage
rises with the continuing increase in B, the reduction
in N, and for Covar<i.

(c) A line unbalanced in the bowl phenomenon's
direction is robust insomuch as it can tolerate a
relatively high degree of imbalance (referred to as a
'breakeven' degree) and still has a PR which is nearly
the same as that for the balanced line.

(d) Increasing B tends to decrease the optimal and
breakeven degrees of imbalance.

(e) The Jjoint effort of B and Covar on the maximal
PR's improvement as well as the optimal imbalance
degree, is much larger than their separate effects.
(f) For unbalanced patterns other than the bowl
arrangement, as the imbalance degree goes up, the
line's PR and any potential improvement over the
balanced line will become lower. However, for the
bowl phenomenon pattern, the value of PR initially
increases as the degree of imbalance rises and,beyond
a breakeven point, it starts to drop.

(g) - The influence of the Covar on the optimal and
breakeven imbalance degrees is far greater than that
of the shape of the service times distribution, but a
more symmetrical distribution will usually yield a

higher PR than that of a skewed one.



(2) Covars Imbalance

(a) An unbalanced Covars' situation has little effect on
the mean total number of units in the line{ L.

(b) The pattern of Covars imbalance exercises little
influence on L, but significantly affects PR.

(¢) A bowl phenomenon with respect to the Covars imbalance
exists (i.e. a high - low - low - high arrangement) and

its resultant PR is significantly higher than those of the
balanced and unbalanced configurations. The superiority

of the bowl pattern increases when N rises. An inverted

bowl désign is the worst with regards to PR.

(3) Buffer Capacities Imbalance

(a) For a total buffer capacity (TB) less than 4(N - 1)
and short lines, it does not pay to unbalance the sizes

of the buffers. On the other hand, for a TB»(N - 1),

the allocation of unequal capacities along the buffers
cannot signicicantly improve the PR performance of the
line over that of a balanced line.

(b) When it is necessary tq_imbalance the buﬁfer sizes,
the most efficient configuration is whereby high capacities
are assigned to the middle buffers,and lower capacities

are alloted to theAend buffers.

(¢) An increasing order of buffer capacities'design is
favourable if the aim is fo achieve a significant reduction
in L, but it is detrimental from a PR viewpoint.

(a) Short lines are less sensitive to an imbalance in

buffer sizes than to either means or Covars imbalance.



(4) Means and Covars 'Simultaneous Imbalance

(a) For a line with non-identical stations in terms

of their CoVars, a balanced mean service times' pattern
is detrimental. A configuration whereby the station
wiﬁh the smaller Covar is assigned a slightly higher
mean service time, irrespective of its location in the
line, is optimal regarding PR. Any other unbalanced
pattern is unfavourable; The PR of this optimal pattern,
however, declines as B is increased and N is reduced.
(b) This optimum Covars and means imbalance pattern

is robust in that the degree of means imbalance can be
relatively high and the line's PR does not significantly
fall below that of a balanced line.

(c) The optimal degree of means imbalance goes up as
the differences in stations' Covars are increased.

(d) The percentage improvement in PR over that of the
balanced line, for the best pattern of means and Covars
imbalance, is substantially higher than that achieved

by the bowl arrangement for the means imbalance.

(e) When both the means and Covars are unbalanced,

two different effects come into play; the bowl phenomenon
effect for means imbalance and the variability effect
(resulting in an inverted bowl pattern) for Covars
imbalance. Which of these two dominates the other
depends on the stations' Covars and their particular

service times distribution.



CHAPTER FOUR

UNBALANCED NON-STEADY STATE UNPACED MANUAL LINES

INTRODUCTION

This chapter has the objective of presenting a review of
the extent of knowledge gained from several research
invéestigations into the operating characteristics of
production lines which are unbalanced, and whose performance
mode is still unsteady. Most of the studies on such lines
were not initially intended to refiect the non-stable
behavioural conditions;and some of them were claimed

to represent the equilibrium state for such unbalanced
lines, but due to technical reasons,including insufficient
simulation runs'lengths, it was felt that they, more
accurately, reflect the non-steady state conditions, and

it was decided, therefore, to survey them in this chapter.

Except for one investigation, the mainstream of emphasis
in the rest is the simulation approach. This is mainly
because of the astronomical difficulty in handling the
non-steady state operational phase through a queuing
theoretical approach, due to the dimensional problem
being faced when trying to solve the differential -
difference equations which portray the transient phase

of line's behaviour.

As was the case in the previous chapter, the drawbacks

of using unrepresentative distributions to describe



operation times, such as the exponential distribution,
short line lengths, zero and infinite buffer capacities,
and the queuing characteristics measures of performance
which are of mere theoretical interests, are still valid
and, as a result, will not be repeated in this chapter.
The types of imbalance covered by the research studies
are five, viz, imbalances in terms‘of sérvice times'
means, Covars, means and Covars, buffer capacities, and
Covars and buffer capacities. Below is a review of each

of them.

(a) INEQUALITY OF OPERATION TIMES' MEANS

One cause for unbalanced mean service times is the
presence of learning in the line. In addition to‘the
non-steady state impact of learning, it may lead to work
imbalance. This occurs when one or more trainee workers,
who have not reached the speed level of the skilled
workers, are utilized in an existing line to compensate for
turnover. In this situation the opérators service times'
means are unequal and an out of balance case arises.

The learning curves of the individual-trainees are
valuable tools in predicting the gradual decrease in
their mean operation times, i.e. the decrease in line's
imbalance, until they achieve their ultimate paces where

they acquire the experienced workersg' speed.

According to Kilbridge (87), the line's imbalance cost
which results from learning may be substantial when the

turnover rate is high, and is a function of the number



and timing of replacements. Cleariy, the introduction
of a new worker into a comparatively new line which
consists of workers-still undergoing learning, is likely
to be less costly than adding a new operator to a line

having fully experienced workers.

Bohlen and Barany (11) showed that, in general, the various
trainee workers may have differenf learning abilities

and that the tasks may differ in their complexities

along the line, giving rise to learning curves (and
imbalance degrees) which depend on the characteristics

of both the operator and the task.

The Queuing Approach

Sastri (151) and Wilhelm and Sastri (180) analysed a
2-station line having exponential operation times and

buffer capacities ranging from O to 20,during a start-up
period which immediately follows the introduction of a

new product'into the line,and is characterised by excitement
about the programme of the new product, leading to an

| enthusiastic learning that is referred to as 'incentive

manufacturing progress'.

A continuous time Markovian model has been developed

to provide a simultaneous set of first-order differential
equations which describe the transient behaviour and

was solved by a modified version of Runge-Kutta integration.
Moreover, a sPecial learning curve's function was derived
to overcome the apparent shortcoming of the traditional

learning curve model of the assumption that learning will



continue without 1limit as the cumulative output is increased
in volume. The new learning model considers a steady-

state phase with a predetermined speed rate and a
transitional phase with different cutoff points. As

soon as the output rate of both stations becomes at

least 97.5% of the maximum desired level of 99.8%, the

transient phase comes to an end.

The time-dependent learning curve model is given as:

ap) = 3, * (a - ao)(1 - exp(- CE(t)))

where |

a(t) = production rate at time t

a, = 1initial production rate which may be measured

on the line or estimated through experience
a = steady-state production rate which is fixed
by management or by technological considerations
E(t) = the learning period from time O to t
C = a parameter determined by fitting the learning
curve to historical data,or by relating it to

!

a second parameter, S, which is defined as

the learning factor of the station and is given

s' = processing rate at time (2t) = a(2t)/a(x)
processing rate at time (t)

The initial value of S' is S and if learning exists, both
s' and s are» 1. The relationship between S and C is

indicated by:.



C =-In (§ + 1(8% - (4(s -’1)a/ao)/(a/ao) - 1))%)
2 2

And if (a/a)min ¥ $°/(S - 2)%, then C is real.

The authors considered only the positive roots of C,

given S, which corresponds to an 'incentive learning'
situation which is typified by a rapid improvement in

the processing rate shbrtly after the start of the
transient period, followed by a reduced rate of improvement
when the initial incentive abates,until no more learning
takes place, signifying the start of the steady-state
stage. The modified learning model also assumes that the
learning process discontinues during starving and blocking
periods, i.e. the learning takes place only when an
operator is busy. The authors then used numerical analysis
to investigate the same line with a,4=8gp = 30, as=a, = 135,
S=1.2,1.3,and P = 0.5,1.0,1.5 (i.e.(\), balanced, (/)

patterns of means).

where
a,; = initial production rate for station i, i = 1,2
P = gservice rate of the first station

service rate of the second station

The following results emerged from this study:

(1) When the buffer capacity is zero, increasing the
manufécturing progress factor, 3, increases the output
rate and reduces the duration of the transient. However,
the use of zero B greatly decreases the utilization of the

line, given P, and negates the influence of increasing S



on utilization. Another result is that the highest
reduction in the start-up duration was achieved when the
line was balanced.
(2) When the buffer capacity is > O, the following points
are concluded:
(a) The rise in the production rate, as a result of
increasing S, is higher than that of raising the buffer
capacity, i.e. the buffer size seems to havé little
impact on the resultant'increase in the amount of the
PR from increasing S.
(b) A P's value of 1.5 (i.e. an increasing order of
operation times' means) generates’higher PR than that of
either P =1 or P = 0.5 (i.e. a balanced line and a
decreasing means' order respectively), even if the learning
factor, S, is large. The best result, in terms of PR,
is achieved when a large value'df P is coupled with a
high B. This is not in line with the results of Hillier
and Boling (75) for a 2-station line under steady-state
conditions,where a balanced line's arrangement was found
fo be optimal. However, this contradiction may be due
to the presence of learning in Sastri's study.
(¢) PFor P = 1.5 the mean buffer level is a nondecreasing
function of the start-up time, whereas for P = 0.5 it
is a convex function.
(a) The initial processing rate, g has a considerable
effect on the value of the mean buffer level.
(e) Increasing P and B will tend to reduce the transient
period, but the marginal decrease in the start-up period

diminishes as B rises, especially when B is > 15.
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under NSS conditions, given S, is smaller than that
required in the SS. In general, the value of B
necessary for an efficient SS performance is also

adequate for an effective NSS operation.

Sastri's work is credited for attempting, for the first

time, to find numerical solutions to fhe transient state
conditions, which are usually protracted and untraceable.
Another merit of this work is the development of a new
exponential learning curve which can accommodate a disfinctly
finite transient learning period. However, apart from the
unrealistically very short line used, a major drawback is
thércomparatively short start-up period obtained from the
incentice learning function,which may not reflect that of

the real life.

The Simulation Approach

Davis (38) examined a 3-station line having infinite buffer
capacity which meant that a steady-state situation cannot

be reached during the limited simulation period. The
service times distributions were positively skewed
(approximated by a Pearson's type III distributions) and
ﬁormal. The line was unbalanced in terms of having slow,
medium, and fast service times' means, and all the six

possible permutations of speeds were considered.

The resulte showed‘that the configuratioh fast - slow -
medium, i.e. (/) means sequence, exhibited lower idle

time than the other unbalanced configurations. In addition,



-

interarrival time, was nearly equal for all the patterns of
means imbalance and closely related to the mean operation
time of the slowest station. Furthermore, it was found
that increasing the interarrival time increases both the

idle and inter-departure times for all the patterns.

Payne et al (136) simulated a 20-station line having a
Covar of 0.2, ndrmal service times, and unlimited buffer
capacity. Two patterns of means imbalance were considered;
the first was of a (/) form, while the form of the second
was (\), i.e. increasing and decreasing means orders.

The degree of imbalance for both patterns was nearly 0.005.
The results showed that the first pattern is superior to
both the second and the balanced line arrangement, in terms
of reducing the idle time of each station in the line.
However, the first pattern is inferior to the balanced line
configuration with regard to the number of units outputed
and the maximum inventory level, the former being slightly
’less and the latter being higher, for all stations, than

that of the balanced line.

Slack (160) investigated a 5-station line with a Weibull
service times, a Covar of 0.27, imbalance degrees of 0.01 -
0.06 in increments of 0.01, and a B of 6. Both the empty
and full buffer levels' starting conditions were examined
which, respectively, represent patterns (/), (\) of mean
service times. A summary of the resultant findings of
Slack's study is given below:

(1) Since in pattern (/) the service rates of the

stations towards the beginning of the line are higher



than those of the end stations, the build up of the buffer
levels will be accelerated and therefore, the buffer
levels of the balanced steady-state lines will be
reached sooner for pattern (/) than that of an equivalent
balanced line. However, the process of buffers' build -
up goes on beyond the level of the balanced steady-state
line, causing greater amount of blocking than that of
the balanced line. The higher the degree of imbalance,
the quicker the arrival at the balanced steady-state
buffer levels and the greater the overshooting of these
levels.

(2) In pattern (\) the reverse situation occurs, such
that the buffers are depleted faster in the direction

of the balanced steady-state levels (especially at the
early part of the transient period), until these levels
are surpassed,which increases the starving idle time.
Again, as the degree of imbalance increases, the balanced
SS buffer levels are reached sooner and évershot more.
(3) Within the range considered, there is an optimal
degree of imbalance which minimises the cumulative

idle time, as compared to that of a balanced line, for
any elapsed transient period value. This is true for
both the full and the empty start initial conditions.
Therefore, unbalancing the line during the start-up
pericd is seen as advantageous.

(4) The initial amount of idle time is high and it
decreases as time elapses, but the marginal decrease
diminishes as time progresses until the steady-state

buffer level is approached (which is similar to the



notionally balanced‘line's results). At this time the
balancing loss does not contribute to total idle time.
Additionally, raising the degree of imbalance tends to
increase the idle time's rate of reduction. However,
when the minimal SS idle time point is reached, the
influence of the balahcing loss increases the idle
time, the higher the imbalance degree, the greater the
rise in I is.

(5) The minimum periodic idle time is achieved when
the buffer level becomes nearly equal to that of the
balanced steady-state line.

(6) For any of the ten simulated transient periods,
unbalancing the line leads to a cumulative idle time
that is lower than that for a balanced line. This is
true for both the empty and the full start conditions,
except for the last two periods of the full start
condition. The improvements in cumulative idle time
from the two unbalanced configurations are significant
at the earlier periods, but insignificant at the later

periods.

Globerson and Tamir (65) used simulation to investigate

the NSS behaviour of an unbalanced 'service industry! line.
They argued that an assembly line is used in the manufacturing
as well as ﬁhe service industries and that a service line
differs from a manufacturing one in two major respects.

First, the buffer capacity is practically infinite in the
service line since paper (the common material) does.not

require much space. Second, in the service line there is



the service system. A simulation model has been developed which
integrates 'technological' variables (i.e. the imbalance of work
and the number of paralleled lines) and 'human behaviour!

variables (i.e.'learning, operator's service times, absenteeism,

and turnover).

Regarding the imbalance of work, the authors made use of Kilbridge
and Wester's (90) formula: PIM = acT™P where, PIM = percent of
imbalance, CT = cycle time, a and b = parameters, estimated as i05
and 0.86 respectively. The authors considered a single line having
12 stations, as well as 2,3,4,6,12 paralleled lines haviﬁg,
respectively, 6,4,3,2,1 stations each, with all the lines having
the same total amount of work to perform. Note that the 12
paralleled stations' arrangement represents the case of individual
assembly and, therefore, a line does not really exist. With
respect to learning, they used a learning curve model attributed

to De Jong and given as: .
T(S) = T(1)[M + (1 - M)/st

where

T(S) = time required for unit s

T(1) = time required for the first unit

M =« that fraction of the first service time which cannot
be eliminated with practice, (0K M <1)

m = human progress factor or exponent of reduction and
is = 0.32

The values of S in Globerson and Tamir's simulations were 20,50,
70,100 units, and the values of the initial skill level of the
workers at the start of the simulation runs were 4,20,50,100
repetitions (units). The authors, further, assumed the operation
times were normaily distributed with a Covar of 0.10. Moreover,

the investigators assumed that two parallel lines are, intuitively,



absence of an operator will only disturb half of the system. The
following expression was used for determining the percent of

absenteeism (AB): .
AB = MAB + k/ST¢
where k and ¢ are parameters with the estimated values of 13.5

and 1.43% respectively, and MAB is the minimum (unavoidable)
absenteeism level due to such reasons as real sickness, and is
estimated to be 7%, and ST is the task's standard time and is
defined as the mean operation time for a completely trained and
skilled operator working at normal pace. This stan&ard time is
obtained from predetermined time standards, such as MTM.
Depending on an analysis by De Jong which showed that
approximately 1000 units are enough to attain the MTM standard

time for many operations, this figure was adopted by the authors.

Globerson and Tamir used the following Iormula to caiculate the

percentage of turnover (TO):

TO = MIO + e/ST®

where

MITO = minimum turnover rate

ST = +task's standard time
e and £ = parameters '

The performance measures of the simulation runs were the
percent of work accomplished (PWA) which, in a sense, reflects
the production rate, and the response time (RT) which is the

total time spent by a job in the system.

The results of this study demonstrated the following:
(1) The relationship between PWA and the number of paralleled
lines (NPL) is convex, with the maximum PWA being achieved when

NPL = 3 for S = 20,50,70, and NPL = 4 for S = 100. This is



only true if the initial skill level is low, which implies
that the optimal stfategy can be chosen only from tasks

whose skill levels are low.

(2) PWA is less sensitive to NPL for larger S, for NPL < the
optimal one, and for tasks having very high initial skill
levels.

(3) In general, PWA is higher the greater S and the initial
skill level are. '

(4) There is a concave functional relationship between RT

and NPL with the minimum RT being obtained at NPL=2 for S=50,
100, and NPL=3 for S=20,70. This is true only for low initial
skill levels. For considerably high skill level, RT as a
function of NPL, decreases monotonically.

(5) The two performance criteria indicate that a strategy
comprising few lines in parallel is preferrable to either of
the extreme strategies, i.e. the single line and the individual

assembly.

This work is, as yet, the first of its kind in terms ofv
considering absenteeism, turnover, learning, and line paralleling
within an integrated simulation model, and it opens a new
frontier to examine aspects of production lines that were not
investigéted previously. However, it may be criticised on
the following grounds:

(a) The quantification of the human behaviour

parameters is difficult and, therefore, the values

used by the authors to estimate the learning curve,

absenteeism, and turnover paramerts, were somewhat

arbitrary and may not reflect the real life values.



(b) The selected Covar value of (0.1) is
unrepresentative of the normal mean value which is

around 0.274 (see the next chapter).

The Third Approach

Shimshack (155) studied a 2-station line having unlimited
buffer capacityAand Erlangian service times with parameter
k, in order to determine an optimal sequence of stations,
such that the sequence having smaller mean and variance

of the total waiting times in the system is regarded as
optimal. Two sequences were investigated, namely, A and
B. In sequence A all the units are serviced first by .
station 1, then by stafion 2, whereas in sequence B the

opposite order is true.

The author's approach is a mixture of simulation and
numerical queuing analysis. Initially simulation experiments
were conducted to examine the impact of the two stations ‘
having unequal utilization (mean ser&ice) rates on their
ordering, while equating and fixing their variances. The
utilization rate ranged from 0.30 to 0.90 in six experiments,
with the first station's utilization being always less than
that of the second for both sequences A and B. This may

be shown as follows:

Sequence. Stationts i <or > Station's i Pattern of
Service Rate Service Rate Service Times!
Means
A 1 < 2 . decreasing order

(\)
B 2 > 1 increasing order

(/)



The first four experiments displayed the optimality of
sequence B in terms of having significantly smaller mean
and variance of waiting times fhan A, In this case a first
degree ‘'stochastic dominance' is said to pervail. The
last two experiments showed that sequence B's mean waiting
time is lower than that of A, but not significantly, and
that the waiting times' variance is higher for sequence B.
Therefore, it appears that there exists an overlapping in
thelwaiting times distributions of the two sequences in
that neither can be considered as optimal in accordance
with thé first degree stochastic dominance, because B
dominates in terms of the mean waiting time, while A

dominates in respect to the variance.

When the author separately examined the utilization rate
(P) and the variance of the service times distribution
(02), it emerged that there is some relationship between
them which affects the optimality of stations' sequencés.
This obseryation motivated the development of mathematical
approximations, using some approximate formulae, such as
that of Fraker (57) for the mean waiting time, so as to
fascilitate the determination of which sequence is optimal.
Defining 0‘12/P1 = a, and 0'22/P2 = a,, the author advanced
and tested the validity of the hypothesis that if a,<f(a,),
then sequence A dominates sequence B, while if~a1>f(a2),
then B dominates A, whereas if a, = f(az), then the waiting
times are indifferent to therrdering of the stations,

where f(az) is some function of a,.



Shimshak attempted to mathematically find the indifference
equation reflecting the relationship between a, and ao,
which gives the same mean waiting time for both sequences.
When the indifference equation was détermined, the actual
a, value obtained from the simulation experiment was
compared to the predicted value of ay, derived from the
indifference curve. Given 85 if the actual a, is lower
than the predicted a,, then sequence A will yield the
smaller waiting time. On the other hand, if the simulated
ay is greater than the predicted a,, sequence B will result

in the shorter waiting time.

Following that, the author extended his findings to the

study of stochastic dominance. The data showed that,

given a5, if,a1 is near the indifference curve, an

overlapping in the distribution functions of sequences

- A and B will occur, giving rise to a second degree stochastic
dominance, whereas if a, is much larger or smaller than that of the
indifference curve, it leads to a first degree stochastic
dominance. On the basis of that, confidence intervals

were set up around the indifference curve in order to

determine if the differences in the waiting times between

the two sequences are due to first or second degree dominance.

The author went on to consider the situation where both
stations have the same service times distribution, and
after plotting a graph of the relationship between a, and
a, and constructing the indifference curve and confidence

bounds, it was concluded that when both stations have



exponential service times, the mean waiting time is
indifferent to their ordering, however, when the two stations
have the same, but non-exponential operation times, e.g.
Erlangian times with parameter 2, their ordering influences

the mean waiting time.

The work of Shimshak is stimulating, since it employed
the stochastic dominance rules, for the first time, to
investigate production lines’ behaviour, but it needs to
be expanded such that more realistic N, B, and service

times distribution values are dealt with.

() INEQUALITY OF COVARS
Since no queuing approach study relating to Covars imbalance
has appeared in the literature, only the simulation and

the third approaches will be reviewed.

The Simulation Approach

The first simulation investigation is that of Payne et al
(136) which examined the effects of two patterns of Covars
imbalance; the first is whereby Covars of 0.1, 0.2, 0.3
are assigned to stations 1 to 7, 8 to 13, and 14 to 20
respectively, and the second is the allotment of Covars

of 0.3, 0.2, 0.1 to the same stations of the first pattern,
i.e. 1ncreasing and decreasing sequences of Covars along
the stations. The results revealed that the first pattern
reduces the individual stations’ idle time as compared to
that of the balanced Covars situation, but this improvement

in the idle time is associated with a slight reduction in



the output, and a higher maximum buffer level for the last

10 stations.

The next investigation was conducted by Kala and Hitchings
(84) who simulated lines having 4 stations and unlimited
buffer capacity. The Covars of three stations were the
same and equivalent to 0.063, while the Covar of the
remaining station was permitted to increase progressively.
This station was also allowed to take the position of the
first through the fourth stations. The results of this
study showed that:

(1) When the station with a higher Covar is positioned

towards the end of the line, the PR is slightly increased,

e the idle time is minimised, and the maximum buffer

content rises considerably, whereas if the higher

Covar is allocated to the middle stations, lower PR

and maximum buffer level, and higher idle time will

result. Therefore, the middle of the line should have

lower (steadier) Covars.

2) The maximum buffer level in front of the stations

with the same Covar is constant, irrespective of their

location on the line, but the maximum buffer level,

for a particular buffer, rises when the Covar increases.

Moreover, the maximum buffer content increases if the

higher Covar is assigned to the middle of the line.



De La Wyche and Wild (39) simulated 3, 4, 12-station
lines having normal service times, Covars of 0.1 - 0.3,
and 0.1 buffer capacities. Four policies for arranging
the Covars along the individual stations were employed.
They are:

(1) The steadier stations are concentrated towards
the end of the line.

(2) The steadier stations are concentrated at the
middle (the Covars'bowl phenomenon).

(3) The more variable stations are separated from
each other by less variable (steadier) stations.

(4) The steadiest stations are assigned to the centre
of the line, while the most variable stations are

allocated to the beginning of the line.

The analysis of variance and comparisons with control

(i.e. with the balanced design) were applied to the results.
Table 4.1 exhibits the various patterns and their relative
efficiencies. Note that due to the use of insufficient
transient length and number of repetitions (by Slacks (160) criteria

and four replications respectively), the authors’ results

are considered as referring to the NSS conditions.



TABLE 4.1

THE EFFECTS OF DIFFERENT PATTERNS OF COVARS IMBALANCE ON
THE IDLE TIME - ADAPTED FROM DE LA WYCHE AND WILD (39)

COVARS IMBALANCE PATTERN B =20 B =1
V,s,s,v 15.78 4_55**
V,s,v,s 16.36 5.28
S,S,V,V 16.78 5.70
S,v,s,v 16.81 5.89
V,v,s,s 17.08 6.07
S,V,Vv,s 17.24 6.52
(Datum) (16.63) (5.57)
s,v,s,v,s,v,s,v,5,V,S,V 20.66 6.33
V,S$,V,S,V,S8,V,S,V,s,V,S 20.89 6.65
V,V,Vv,S,S8,S8,S,S,S,V,V,V 21.22* 7.89 "
$,8$,8,V,V,V,S,S,8,V,V,V 21.71** 8.03_t*
V,V,V,$,8,8,V,V,V,s,S,S 21 .32 7.79**
$,5,S,V,V,V,V,V,V,S,s,S 23.51** 8.43_**
$,5,5,5,5,5,V,V,V,V,V,V 23.53 8.93
V,V,V,V,V,V,s,s,s,s8,8,S 23.68** 9.40**
(Datum) (20.52) (6.57)
V,S,M 14.17 3.77

M, S,V 14.18 4.13
MV, S 14.27 4.41

S M,V 14.27 4.58
V,M,S 14.28 4.46
S,V,M 14.33 4.75
(Datum) (14.39) . (4.27)

e eQont
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where

Datum

TABLE 4.1 (CONTINUED)

COVARS IMBALANCE PATTERN
v,M,S5,V,M,S,V,M,S,V,M,S
M,S5,V,M,S,V,M,S,V,M, S,V
v,5,M,V,5,M,V,5,M,V,S,M
M,V,S,M,V,5,M,V,5M,V,S
s,M,vV,SM,V,S,M,V,S M;V
s,v,M,S,vV,M,S,V,M,S,V,M
v,v,v,v,Ss,S,5,5,M,M,M,M
M,M,M,M,S,S,S,3,V,V,V,V
s,s,s,3,v,v,vV,V,M,M,M,M
v,v,v,vV,M,M,M,M,S,S,S,S
M,M,M,M,V,V,V,V,S5,5,S,S
s,S,S,S,M,M,M,M,V,V,V,V

(Datum)

line length
buffer capacity
co-efficient of variation

relatively variable station

relatively stable station (Covar =0.1)

19.
20.
20.
20.
20.

20

21.
21.
22.
22.

22.

22

(19.

94
05
18
23
277

.40

* %

* %

73

K,k

15
17%*

*—k

33

*—%

.39

91)

(Covar =0.3)

.01
.68
.53
.16
.2b
L22%%
.37
.10
.10

* %

.83

.04

* %

.95
.20)

relatively medium station with variability between S

and V (Covar = 0.2)

balanced line

significantly different from the datum at the 97.5$% level

significantly different from the datum at the 99$ level



The results demonstrated the following: -
(1) For short lines (N = 3) policy 2, given B, results
in some reduction in the idle time in cbmparison with
that of the balanced line. However, for longer lines
(N = 12) this policy gives rise to a significantly
higher idle time than that of the datum (balanced
arrangement), but results in a lower idle time than
that of all the patterns below it in the table.
Therefore, a Covars' bowl phenomenon exists only for
very short lines, for the particular patferns examined.
This does not conform to the finding of Carnall and Wild,
but the contradiction may be attributed to the fact
that these authors used deterministic statioﬁs in their
study.
(2) Policy 3 generates relatively close results to
those provided by the datum, irrespective of N and B.
In addition, the results of this policy are superior to
those of the bowl arrangement for long lines, but not
for shorter lines. The authors suggested that a good
compromise may be a design comprising both poilicies 2
and 3.
(3) Policies 1 and 4 are detrimental for longer lines

but indifferent for shorter lines.

The Third Approabh

In another part of his work, Shimshak (155) examined the
same 2-station line with unlimited B and Erlangian operation
times. He initially simulated the line to determine the

influence of having unequal variances of operation times



on the optimal sequence of the two stations, while fixing
and equating their utilization rate at 0.75, which meant
that their service rates are equal. 1In both sequences A
and B the variance of the first station was always larger
than that of the second, i.e. pattern V,S for A and pattern
S,V for B. .

Four experiments, with varying variances for stations 1

and 2, were conducted. The results showed that the optimal
ordering of stations is always one whereby the smaller
(steadier) variance is placed first (i.e. pattern S,V).
Therefore, sequence B dominates sequence A according to

the rules of the first degree of dominance. The author
went on to . develop the indifference equation for the
situation where both stations 1 and 2 have Erlangian
service times with parameters 2 and 3 respectively.
Plotting the relationships between a, and s, the regions
of the first and second degrees of dominance were determined.
As a consequence, it was found that for lines with different

Erlangian stations, no general expression can be developed.

(c) INEQUALITY OF BUFFER CAPACITIES

The sole study of the effects of unbalanced buffer capacities
on the operating characteristics of production lines was
that of De La Wyche and Wild (39) who, in another part,
simulated 5 and 9-station lines with total buffer capacities,
TB, of up to 16 units,and Covars of 0.3, 0.5. Two
hypotheses were tested:

(1) Placing most of TB at the' end of the line will

reduce the idle time.



(2) A decrease in the idle time will result from
placing the bulk of the TB at the cenﬁral part of the
line.
Table 4.2 provides data on the various patterns of
allocating TB among the different buffers.

The major conclusions of this work are:-
(1) Given N, TB,Covar, a zero buffer capacity
allocation for any individual buffer should be avoided,
otherwise significantly very high idle times will
result.
(2) Given N,Covar, the best and most consistent policy
is to divide the available TB as equally as possible
among the buffers. If imbalance is unavoidable, then
concentrating more B towards the centre of the line,
while avoiding any zero assignment, is advantageous
and leads, at best, to a line's efficiency nearly
equal to that for a balanced line. This NSS conclusion
supports that of El-Rayah (46) which represented the SS
conditions.
(3) Assigning the largest portion of TB to the rear
of the line is detrimental in terms of the idle time

incurred.

(d) INEQUALITY OF BOTH SERVICE TIMES' MEANS AND COVARS

The Simulation Approach

McGee and Webster (115) simulated a 2-station line having
infinite buffer capacity, normal service times,and normal
inter-arrival times, with Covar = 0.125. The operation

times' means ranged from 2.0 to 3.9 in increments of 0.1,



THE EFFECT OF VARIOUS BUFFER CAPACITIES'IMBALANCE PATTERNS

LTABLE 4.2
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ON THE IDLE TIME - FROM DE LA WYCHE & WILD (39)
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0,2,2,0
0,3,0,1

0,2,0,2

2,0,2,0
0,1,0,3
3,0,1,0
2,0,0,2
2,2,2,2

1,3,2,2

1’3’3’1
2,2,1,3

(balanced)

(balanced)

COVAR = 0.3

COVAR = 0.5
19.42 29.39
19. 64 29.33
21.26 30.96
21.44 31.05
16.09 25.3%6
16.67 26.26
16.92 25. 42
19.05 28.49
19.20 28. 40
19.37 28. 68
14,26 22.82
14.57 23,16
15.24 23,32
15.26 24.07
(8.211* (17.231*
14.76 22.26
14.85°F 22.95° "
15.16" 23,44
15,26 " 23,117
15,67 24.04*%
16,04 " 2442
16.36" 25,02°%
16.62° " 26.15
16.92% 25,73
19.25° " 28.16" "
(5.41) (11.87)
5.65 12.39
5.98 12.86
6.10 13.54

....COnt



TABLE 4.2 (CONTINUED)

N TB BUFFER CAPACITIES' COVAR = 0.3 COVAR = 0.5
- TIMBALANCE PATTERN -
5 8 2,2,3,1 6.25 13.33**
8 3,1,1,3 6.44 14.91
*
8 3,2,2,1 6.53* 1%.40
8 1,2,2,3 6.67 12.81
¥* ¥* %
8 1,3,1,3 6.78 14.00
*
8  3,1,3,1 6.85 13.66
* .
8  3,1,2,2 7.02°% 13.72%
9 8 1,1,1,1,1,1,1,1 (balanced) (10.02) (19.05)
*% %
8 2,0,2,0,2,0,2,0 16.79 25.86
*% *%
8 0,2,0,2,0,2,0,2 16.88 26.03%
¥ %%
8 2,2,1,1,1,1,0,0 18. 61 28.17
8  0,0,1,1,1,1,2,2 19.04°% 27,95
) ¥ - * %
8 0,0,2,2,2,2,0,0 19.3%2 28.61
¥*% *%
8 2,2,0,0,0,0,2,2 22.54 32,21
16 2,2,2,2,2,2,2,2 (balanced) (6.30) (13.15)
16 1,2,2,3,3%,2,2,1 6.19 13,65
»*
16 3,2,2,1,1,2,2,3 7.10 15,57
W%
16  3,1,3%,1,3%,1,3,1 7.10 14,52
%%
16 1,1,2,2,2,2,3,3 7.27* 15.54
. *
16 1,3,1,3,1,3,1,3 7.34 14.92
*
16 393,2’292129171 7'47 14°76
where
N = line length
TB = total available buffer capacity
Covar' = co-efficient of variation

* = significantly different from the datum at the 97.5% level
significantly different from the datum at the 99% level



with the restriction that P, and P, are {1.0, where P, =
a/m1, P, = a/mz, a = mean arrival rate, and m; = mean
service time of station i. Four patterns of variances!

arrangement were considered. These are:

Pattern Station's 1 Variance Station's 2 Variance
1 ‘ 0.16 0.16
2 0.16 1.00
3 1.00 0.16
4 1.00 1.00°

The measures of performance used by the authors were the
departure times of the first station, the total time spent
in the system per arrival, and the expected buffer level
for buffers 1 (in front of the first station) and 2. The

results of each of these measures are reviewed below.-

(1) First Station's Interdeparture Times

The authors found that the analysis of a production line

is greatly fascilitated if each station is independent of
its preceding and succeeding counterparts, so that the
relationship between the arrival and the departure processes
can be established from a queuing theory viewpoint.
Therefore, the inderdeparture intervals for the first
station were studied by means of their autocorrelation
function; to check whether or not they are independent (an
explanation of this function will be presented in the

next chapter).



The study showed that the first station's interdeparture
times are negatively autocorrelated, for lag 1,over all the

P1 values examined, and conséquently,the con&entional
statistical methods cannot be used to determine the
distribution of the inter-departure intervals. Neverhteless,
the empirical distribution of the simulated departure

procéss takes the form of normal or other similar symmetrical

distributions.

In addition, the author found that the mean interdepafture
time rises generally when P1 is increased and therefore,

the departure and the arrival processes of the first

station are non-identical, however, the variance of the
interdeparture times decreases as a result of the increase
in P1. Moreover, the autocorrelation between two successive

departure intervals becomes less negative when P1 rises.

(2) Mean Total Time in the System (TE)

As m, or'Am2 goes up, TE increases smoothly, but TE rises
sharply, when P1 or P2 becomes > 0.95,*since this will make
one of the stations permanently busy, rendering the system
unstable. The regression analysis has been applied to
determine the relationship between TE and the mean inter-
arrival time, 2, and my, M. The following equations were

obtained for the four patterns of variances' imbalance:

Pattern Regression Expression
1 TE = 1.474™1 + 1.496™2 + 1.20% - 2.487
2 TE = 1.593™1 + 1.568™2 + 1.20% - 3.270
3 TE = 1.470™1 + 1.616™2 + 1.20% - 3.062

4 TE = 1.598™1 + 1.652%2 4+ 1.20% - 3,689



These equations indicate that increasing the service times'
variance for both stations raises the value of the

constants, and hence TE will go up.

(3) Mean Individual Buffers'Levels (Q1,Q2)

It has been noticed that the mean level of buffer 1 is a
function of the arrival rate and the service time of the
first station. When the first station's variance is 0.16,
Q, is greatly less than 1.0, and when it is 1.0, the value
of Q1 rises appreciably, but cannot reach 1.0 even when

P1 = 0.95. As regards to Q2, it has been observed that

it is dependgnt on a_, m1,and o, , increasing directly with
m, , but decreasing with the rise in m,, because the
increase in m, tends to reduce the number of departures
from the first station, and hence Q2 goes down. Furthermore,
the authors found that Q2 is always <1.0 for both values

of the variance, even if P, and P

1 > are = 0.95, which
- demonstrates that Q1 and Q2 behave in a similar manner.
Moreover, the data showed that Q1 and Q2 are exponentially

related to m1 and m2.

McGee and Webster's work has the disadvantages of concentrating
on performance measures which are of no practical importance,
besides the drawbacks of investigating short lines with
infinite buffer capacity. As a consequence, no significant
results have emerged concerning the effect of the Jjoint

imbalance of both the means and the variances.



The Third Approach

Another part of the work of Shimshak (155) has been
concerned with the examination of the impact of
unbalancing a 2-station line having unlimited B, in
.terms of both its operation times' means and Covars.

The analysis of the results of various simulations and
-mathematical approximations proved that if a station
has an exponential service time (with Covar = 1), then
sequence B, with the exponential station being placed.
last in the order, is always optimal with respect to the
mean waiting time. In order to determine the degree of
stochastic dominance of sequence B over séquence A, the
simulation experiments showed that when P1 and P2 are

small, a second degree dominance takes place.

(e) INEQUALITY OF BOTH COVARS AND BUFFER CAPACITIES

In this situation, all the operation times'means are
nominally equal (balanced), but the Covars and the buffer

capacities are Jjointly unbalanced.

‘The Simulation Approach

Smith and Brumbaugh (163) simulated a 3-stati§n line with
normal service timgs, Covars of 0.06, 0.12,017 and TB's

of 4,8,12 units. The authors considered all the six
possible permutations of assigning the three Covars' -
values among the stations, as well as three configurations
of distributing the available TB among the two buffers,
namely, 25-75%, 50-50%, and 75-25%.

Table 4.3 shows the authors' experimental design, together



with the throughput and idle time results for TB = 4.

It should be noted that this study was regarded as
representing the NSS conditions because the start-up
period and the number of replications used were not
enough (1500 time units and 6 replications). The main
conclusions of this work are as follows: .

(1) When TB is small (TB = 4), the effect of the patterns
of the Covars and buffer capacities imbalance, as well
ag the impact of their interaction on throughput, are
highly significant. Increasing TB to 8 makes the effect
of the Covars pattern disappear. At TB = 12, only the
influence of the interaction remains significant. |
(2) The lowest mean throughput occurs when the highest
Covar is positioned at the middle station.

(3) The balanced buffer capacity arrangement (i.e.
50-50%) is superior to any. other arrangement, as far

as throughput is concerned. The effect of the departure
from an equal TB allocation on reducing throughput, ié
greater the less TB is.

(4) Alloting relatively higher buffer -capacity around
the stations with the larger Covars, and lower capacity
around the less variable stations, is beneficial.in
terms of throughput. The greater the differences in
Covars between the stations, the more the advantage
gained from this allocation policy.

(5) If TB is unequally distributed along the buffers,
the cost of an improper arrangement of TB is higher than

the benefit of a proper allocation of TB.
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(6) Since the values of the Covars used by the authors
are relatively small, the improvement in throughput from
adopfing a correct pattern of Covars and buffer capacities
imbalance, is significant, though it is only about 1%.

(7) The improvement in throughput alwéys coincides with
a lower percentage of mean idle time, but does not always
correspond with a lower variance 6f idle time, implying
that the maximum throughput does ﬁot necessarily entail
equal idle time% and utilization for each individual
station.

(8) The mean time to complete an item goes up as TB

is increased, all other things being equal. For TB = 4
the effects of the Covars and TB assignment patterns,
together with the interaction's effect, are all significant.
For TB = 12, the interaction's impacf vanishes. This is
not in line with the results obtained for throughput.

(9) The expected completion time is much more sensitive
than throughput to the patterns of allocating the Covars
and TB. »

(10) The longest, the second longest, and the lowest
average times to finish a unit, occur respectively,

when the station with the highest Covar is placed at

the rear of the line, in the middle, and at the beginning
of the line.

(11) A strategy whereby the highly utilized buffers are
increased in size at the expense of the less highly‘
utilized buffers, until an equal buffer utilization is

achieved, has little influence on increasing the throughput,



i.e. the largest throughput will not necessarily result
from an equal buffer utilization.

(12) It appears that the mean buffer level is a function
of the capacity of each buffer. The three TB allocation
patterns (i.e. the 25-75%, 50-50% and 75-25%) resulted in,
respectively, higher, slightly higher, and considerably
higher mean buffer levels in‘the second, first, and

first buffers respectively.

(13) It is necessary to specify the adopted performance
measure before attempting to distribute TB among the
buffers, since the different perfbrmances criteria may
produce different responses and. therefore, if one

measure improves effectiveness, another might decrease it.

Though interesting and compact, a shortcoming of this
research, besides the employment of very short lines and
queuing characteristics performance measure, is the use
of a short Covars' range, i.e. 0.06, 0.12, and 0.17;
Consequently, the differentiation between the variable
and steady stations becomes relativeiy unclear and, thus,
some of the findings of this study may be imprecise.
Another shortcoming is the utilization of the throughput,
rather than the idle time, of the output rate, which have
more practical significance than the total number of
units produced at the end of the simulation period (the

throughput).

Another simulation study is the one performed by De La

Wyche and Wild (39) who examined a S5-station line having



four steady stations (all with a Covar of 0;1)'and
one relatively variable station (with a Covar of 0.3):
Additionally, the TB values of 0,1,2 were used. The
patterns of the simultaneous imbalance of the Covars and
buffer capacities were:
(1) Positioning higher B around the high Covars!
stations than around the steadier Covars' stations.
(2) Assigning an even amount of B around the variable
station.
(3) Allocating B after the variable station, rather
than in front of it.
(4) Placing more B between the station with the
high Covar and the line's centre, rather than between
this station and either the beginning or the rear of
the line.
Table 4.4 exhibits the patterns of the joint Covars and
buffer capacities imbalance, along with their resultant
idle timgs. From the table it seems that, in terms of
the idle time, pattern 2 is the best followed, respectively,

by patterns 1, 4 and 3.

A major criticism of this investigation is the use of

very small TB values, resulting inevitably in the
assignment of zero B to at least two buffers, which

makes the patterns of buffer capacities imbalance rather
unclear and difficult to distinguish, and causes a great
deal of inefficiency in the operation of the line. Another

criticism, as the authors declared, is the "limited range



TABLE 4.4

THE EFFECT OF SIMULTANEOUSLY UNBALANCING THE COVARS AND
BUFFER CAPACITIES ON IDLE TIME FOR A 5-STATION LINE -
FROM DE LA WYCHE AND WILD (39)

TB PATTERN OF PATTERN OF COVARS IMBALANCE
TB _ALLOCATION

S,v,S5,58,S5 S,8,V,S5,S S,5,5,V,S

0 0,0,0,0 13.98" 13.96" 13.60"
1 0,1,0,0 10.92 13.05 -

1 1,0,0,0 13.44 - -

1 0,0,1,0 - - 12.33 11.71

1 0,0,0,1 - - 12.89

2 1,1,0,0 8.06 - -

2 0,2,0,0 10.04 12.20 -

2 2,0,0,0 13.17 - -

2 0,0,1,1 - - 7.71

2 0,0,2,0 12.33 11.02 -

2 0,0,0,2 - - 12.89

2 0,1,1,0 - 6.57 -
where

TB = total buffer capacity

** = gignificantly different from the datum at the 99% level

= relatively Small Covar

V = relatively large Covar



of situations simulated, from which only tentative
conclusions may be drawn". The merit of this study is
the consideration of some novel imbalance policies for

reasonable N and Covars wvalues.

SUMMARY

The purpose of this chapter was to present a survey of
the current state of knowledge on the behaviour of
unbalanced production lines which operate under transient
conditions. The sources of imbalance in the line were'
divided into five types, each of which was reviewed
separately and, if possible, under three major headings:
the queuing theoretic, simulation approaches, and a third
miscellaneous one. The line's imbalance kinds were those
of work times'means, Covars, buffer capacities, means

and Covars, and Covars and buffers.

Below is a summary of some of the most important research
findings:

(1) Means Imbalance

(a) The build up of the buffer levels is higher in
pattern (/) than that of a balanced line, such that

the balancéd SS line's levels are reached sooner and
then overshot, causing an increased amount of I as

compared to that of a balanced line, especially for

higher DI. The reverse is true for pattern (\).

(b) There is an optimal degree of imbalance which

minimises the cumulative I relative to that of a

balanced line, for any elapsed transient duration.



This is valid for both empty and full start initial
conditions.

(c) The initial I is high, but it reduces as time
passes. The marginal decrease in I diminishes as
time elapses, until the SS buffer level is converged
at. The rate of reduction in I tends to rise as DI
goes up. When the minimal SS idle time is reached,
I starts to increase agéin, due to the influence of
DI, especially when DI becomes higher.

(d) The minimum periodic I coincides with a buffer
level which is approximately equal to that of a
balanced SS line.

(e) The cumulative I, for any of the transient
periods, is lower than that of a balanced line.

(2) Covars Imbalance

(a) The bowl phenomenon policy of Covars imbalance
is the best for short lines, resulting in a decreased
I in comparison with that of a balanced configuration.
Increasing B and reducing the Covar, decreases the'
advantage of the bowl phenomenon. However, for longer
lines this policy gives rise to significantly higher I
than the I achievable by a balanced line.

(b) The improvement ih I from arranging the Covars
according to the bowl phenomenon is significantly
higher than that obtainable by the bowl configuration
of mean service times.

(c) A policy whereby the variable stations are
separated from each other by steadier stations provides

close I's results to those of a balanced arrangement.



(3) Buffer Capacities Imbalance

(a) A zero buffer capacity assignment should be
avoided, since it generates significantly high I.

(b) The best and most consistent policy is to
apportion TB as equally as possible among the buffers.
(c) If imbalance is unavoidable, concentrating more
toward the line's centre . is advantageous.

(d) The policy of allocating most of TB to the

rear of the line is detrimental.

(4) Means and Covars Joint Imbalance

(a) The mean buffer level, for a two-station line,
is a function of the arrival rate and the service
times of the preceding and succeeding stations.

(b) ABL is <1.0, for all the utilization rates and
the variances' values considered.

(5) Covars and Buffer Capacities Combined Imbalance

(a) Positioning the highest Covar at the middle
station results in the lowest throughput and highest mean I.
(b) A balanced buffer capacity pattern is superior

to any other arrangement, especially when TB is low.
(¢) Alloting higher B around the variable stations,
and lower B around the steadier stations. is beneficial,
especially as the difference between the variable

and steady stations increases.

(d) A strategy of increasing the size of the highly
utilized buffers, at the expense of the underutilized
ones, will not increase throughput.

(e) The ABL of any buffer is a function of its B.

(f) Assigning an even amount of B around the

variable station is a beneficial pattern.



It seems that further studies, especially simulation ones,
are needed on each of the five sources of imbalance, as well
as a sixth type (the means and buffer capacities joint
imbalance), in order to close some existing gaps and extend
the range of the parameters and the patterns of imbalande

experimented with. The next chapter will deal with these

matters.



PART TWO

RESEARCH DESIGN

Part Two 1is comprised of one chapter:

CHAPTER FIVE - METHODOLOGY AND EXPERIMENTAL DESIGN



CHAPTER FIVE

METHODOLOGY AND EXPERIMENTAL DESIGN

INTRODUCTION

Chapters 1 to 4 discussed the published research into various
aspects of the unpaced manual flow linefs design and operation.
This chapter states the objective of the investigative

part of this thesis and indicates its methodological,

statistical design, modelling,and programming considerations.

OBJECTIVE

This thesis has the overall objective of obtaining results

which, hopefully,will shed lights on some important features

of the unbalanced and unpaced manual line's behaviour.

Due to the significance attached to the unpaced manual

production lines, it was decided to concentrate all investigations
on this line type. A decision has also been made to focus

solely on the unbalanced manual line, mainly because of the
growing awareness among researchers of the need to explore

this line’s behaviour as a viable design consideration.

Since up to the present time no mathematically supported
procedure can be found which is capable of handling the
unbalanced steady and non-steady states’ characteristics

of such a stochastic production line, simulation was resorted
to as the most suitable technique for this kind of exploratory

study. Recall that proven relationships between the various



variables are impossible to determine when employing a
simulation methodology, but nonetheless, their form can

be usefully supplied by regression analysis.

i
It was decided to investigate the relative efficiencies of

the following types of unbalanced production lines for both
the steady state and transient conditions, in a more
comprehensive, systematic and methodological way than
hitherto attempted. Specifically examining:
(a) Line unbalance resulting from the fact that individual
workers may have different mean work performance times.
) Line imbalance emerging from the variability of
the work times at the individual stations, as expressed
in terms of different co-efficients of variation (Covars)
of stations’ work timesdistribution.
(c) Imbalance due to the allocation of an unequal
amount of buffer storage capacity to the various buffers.
(d) Imbalance emanating from the combined effect of
imbalance types (a) and (b) above.
(e) Imbalance resulting from the joint effect of (a)
and (c) above.
(f) Imbalance achieved as a consequence of the

simultaneous effect of (b) and (c) above.

STRATEGIC EXPERIMENTAL DESIGN
The purpose of strategic experimental design 1s to construct
a set of sound experiments which will yield the desired

information from carrying out the simulation runs, so that



valid statistical conclusions may be drawn. There are some
questions of a strategic nature which need to be elaborated
and discussed at this stage. Fishman and Kiviat (55)
distinguished two experimental design objectives, namely,
the comparison of the outcomes of different alternative
designs, and the determination of either the relative
importance and effect of input variables on the output
variables (analysis of variance), and/or discerning the
general functional relationships between those variables
over some levels of interest (regression analysis). These
two aims do not conflict with each other and therefore,
will both be sought when analysing the outcomes of this
research. Another objective, due to Naylor et al (132), is
the search for the optimal levels of the input variables,
which usually requires search techniques. This goal will
not be pursued in this thesis since it would necessitate

a separate and exhaustive work on its own. The experimental
design should also specify the types of the variables used
in the simulation experimentations, together with their

levels. These are discussed below.

SIMULATION VARIABLES

It may be convenient to categorise the variables utilized

in simulation models into exogenous variables, status variables,
and endogenous variables (Naylor et al (132)). These

variables will be defined in turn:

(1) The exogenous variables are defined as the independent

input variables which influence the system but not being



affected by it. In simulation studies these variables are
determined, a priori, by the experimenter. If these
exogenous variables assume discrete values, then there is a
finite number of alternatives, but when they take on
continuous values, there is virtually an infinite number

of possibilities. The discrete exogenous variables can be,
further, quantitative if their levels have numerical values,
or they might be qualitative. In this thesis all the
exogenous variables used are of the discrete kind, but both
quantitative (e.g. N) and qualitative (e.g. service times
means’ pattern) discrete exogenous variables are employed.
Furthermore, the exogenous variables can be divided into two
classes; controllable and uncontrollable. Uncontrollable
exogenous variables are those being generated by the
environment surrounding the system, but not by the system
itself. Controllable variables, on the other hand, are

subject to the control of the decision maker.

The controllable exogenous variables in the context of the
particular unpaced unbalanced manual lines being studied
are as follows:
- the total number of stations in the 1line, N.

the total amount of buffer capacity for the line, TB.

the capacity/mean capacity of each buffer, B/MB.

the range of Covars values.

The pattern of mean work times' imbalance.

the pattern of Covars imbalance.

the pattern of buffer capacities imbalance.

the joint patterns of the combination of means and Covars,

means and buffers, and Covars and buffers imbalances.



tile degree of unbalance of service times'means for the
line which, in turn, determines the magnitude of

individual stations' means.

The type of distribution of each operator's work times, as
described by its skewness and shape, may be viewed as an
uncontrollable exogenous variable. The identification of
the type of distribution which is representative of a wide
range of practical service times will be specified later

in the chapter.

Although the aforementioned exogenous variables are all
reasonable and viable factors, it is clear that a very large
number of simulation runs will be needed if the whole
population of factor levels, or even a representative

large sample, was examined; a task constrained by the
limited awilability of computer running time. The decision
has been made therefore, to experiment only with a few

reasonable factor levels.

Insofar as the length of the line, N, to be used throughout
the experimental phase of this thesis, is concerned, N's
values of 5 (odd) and 8 (even) were decided upon. Wherever
the need arises to gain more insight into a particular
design's conduct, an additional N level, i.e. N = 10 was
selected. The desire to examine lines having more than a
maximum of 10 stations was hampered by the resulting increase
in the required simulation time. It has been stated that

computer time is either proportional to N, and approximately



doubles as N doubles (Slack (160)), or is exponential with
N (Barten (8)). As a consequence, lines in excess ‘of 10

operators were regarded as extremely expensive to simulate.

It has been reported by Wild (175) that a substantial
number of the manual unpaced lines investigated have N's
values of 2-10. This may be viewed as lending some support
to the contentioh that the selected N's range in this thesis
is representative of a large proportion of the line lenghts
met in practice. Furthermore, previous research (seele.g.
Slack (160)) has demonstrated that even if the wvalue of N
lies outside the practical range, extrapolation can prove

to be extremely accurate.

The selected range of B'svalues of 1, 2, 3, and 6 is, on the
other hand, similar to that adopted byrother researchers,

~ e.g. Slack (160). B's values higher than 6 were not experimented
with since it is well known from previously conducted

research (see e.g. Barten (8) and Anderson & Moodie (2))

that the buffer capacity need not be large in order to attain
high production rates. Moreover,a B's value of zero has not
been used in all the experiments because this value was

always being found inefficient (see Sastri (151) and De La
Wyche & Wild (39) who indicated that sizable benefits were

gained when avoiding the zero B's value).

With respect to deciding on the appropriate values of the

imbalance degree, DI, the research of Kilbridge and Wester (92)



had shown that normally between 5 - 10% balancing loss
prevails in industry. Therefore, %DI values of 2, 5 and
12% were chosen, with the value of 2% being selected so as
to see the effect of a slight imbalance on line's operation.
In addition, the deciéion has been taken to explore the
influence of the presence‘of a high unbalance degree,

wherever it was deemed essential to do so.

(2) The status or intermediate variables portray the
system's state or that of one of its components duriné the
operation'of the line. These variables are of interest only
when it is desired to gain deeper understanding of the internal
working of the simulation model and the interactions within

it, and include the amount of time each station being idle
waiting for a particular item,and the time each item spends

at each buffer store. Some more status variables will be

mentioned later on.

(3) The endogenous variables are the dependent or ou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>