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ABSTRACT

ASSEMBLY LINE BALANCING WITH STATION PARALLELING

EGE, Yunus

M.Sc., Department of Industrial Engineering
Supervisor: Assoc. Prof. Dr. Meral AZIZOGLU
Co-Supervisor: Assoc. Prof. Dr. Nur Evin OZDEMIREL

October 2001, 92 pages

In this study, single model assembly line balancing problem is considered. The
objective is the minimization of total station opening and equipment cost. A
branch and bound algorithm that gives the optimal solution is proposed to solve
the problem. The most important feature of the proposed method is that task
dependent equipment cost and station paralleling are considered simultaneously.
Any level of station paralleling is allowed. A heuristic method available in the
literature is used to determine an initial upper bound for the problem.
Computational analysis is conducted to investigate the effects of changing certain
parameter values on some performance measures. The proposed algorithm is also

compared with the heuristic method in terms of total cost.

Keywords: Single Model Assembly Line Balancing, Station Paralleling.
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ISTASYON PARALELLESTIRME ILE MONTAJ HATTI DENGELEME

EGE, Yunus

Yiiksek Lisans, Endustri Mithendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Meral AZIZOGLU
Yardimci Tez Yoéneticisi: Dog. Dr. Nur Evin OZDEMIREL

Ekim 2001, 92 sayfa

Bu caligmada tek modelli montaj hatt1 dengeleme problemi dikkate alinmigtir.
Amag toplam istasyon agma ve ekipman maliyetinin enazlanmasidir. Problemi
¢ozmek i¢in optimal sonug veren bir dal-budak algoritmasi onerilmektedir.
Onerilen metodun en énemli 6zelligi gorev bagimh ekipman maliyetinin ve
istasyon paralellegtirmenin e§ zamanli olarak gbz oniine alinmasidir. Herhangi bir
seviyede istasyon paralellegtirmeye izin verilmektedir. Problem igin bir baglangi¢
st limiti belirlenmesinde literatiirde bulunan bir sezgisel metod kullanilmaktadir.
Belirli parametre degerlerini degistirmenin bazi performans olgttleri tzerindeki
etkilerinin incelenmesi igin sayisal analiz yapilmigtir. Onerilen algoritma ayrica

toplam maliyet agisindan sezgisel metod ile kargilagtirilmgtir.

Anahtar kelimeler: Tek Modelli Montaj Hatt1 Dengeleme, Istasyon Paralellestirme.
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CHAPTER 1

INTRODUCTION

Assembly line balancing problem has been studied extensively since the 1950s.
The basic assembly line problem consists of assigning the tasks to an ordered
sequence of workstations, such that the some prespecified restrictions are satisfied

and some measure(s) of effectiveness is(are) optimized.

The traditional symbol of automation is the mechanized flow line. An automated
flow line consists of several machines or workstations, which are linked together
by an automated material handling mechanism. The transfer of workparts occurs
automatically. Manual stations might also be located along the flow line to

perform certain operations that are inefficient or infeasible to automate.

Automated flow lines are generally the most appropriate means of production in
cases of relatively stable product life; high product demand, which requires high
production rates. The main objectives of the use of flow line automation are to
reduce labor cost, to increase production rates, to reduce work in process

inventory.

In an automated flow line, achieving an even distribution of work among
workstations is highly desirable. This can be achieved by line balancing. The topic
of line balancing has been of great interest to academicians. There exists a rich
literature on this topic. But the studies on line balancing with-paralleling are

relatively new. Paralleling brings flexibility to the design of flow lines. By



paralleling, total facility cost may further be reduced and the production volume

can be increased.

There are two types of paralleling: paralleling of tasks and paralleling of stations.
Paralleling a task allows that task to be performed at more than one station. Since
each paralleled task must be performed at more than one station, additional

production facilities would be required.

In paralleling a station, all production facilities at that station are duplicated.
Station paralleling can reduce idle time by fitting more tasks to stations because
the workcontent allowed at each paralleled station is equal to the cycle time

multiplied by the number of times a station is paralleled.

Most of the solution procedures in the literature assume that the longest task time
can not be greater than the predetermined cycle time. Relaxing of this assumption
by allowing paralleling of tasks or paralleling of stations enables to solve the

problems with task times greater than the cycle time.

Although substantial benefits of paralleling, when paralleling is a possibility, the
trade-off between the additional investment required for parallel stations and the
labor savings derived from paralleling must be considered. However, in many
cases paralleling is a less costly alternative for increasing the production compared

to other alternatives like overtime, subcontracting and buffer stocks.

The purpose of this study is to develop an exact algorithm for single model
assembly line balancing which minimizes the total cost. Total cost has two
components: task dependent equipment cost and station opening costs. Our
approach includes station paralleling at any level and considers task dependent

equipment cost and station paralleling cost simultaneously.

Most of the studies involving paralleling consider single model assembly lines.

The exact algorithms are rather few and consider only maximum 2-level



paralleling. “n-level paralleling” term indicates that a station is paralleled such that
at most n number of parallel stations exist. According to the best of our
knowledge, there is no exact algorithm that considers task dependent equipment
cost and station paralleling simultaneously at any level of paralleling. Therefore,
the main motivation of our study for working on assembly line balancing with

paralleling stems from the hope of filling a gap in literature.

The thesis includes six chapters. In Chapter 2, the terminology used in assembly
line balancing is given. Then the assembly line balancing problem is defined and
the paralleling concept is introduced. In Chapter 3, we report the literature on
assembly line balancing problem emphasizing the studies that are most relevant to
ours. After the mathematical formulation is presented and the details of our
algorithm are discussed in Chapter 4, the computational analysis and the
discussion of the results are presented in Chapter 5. We conclude in Chapter 6 by

our main results and suggestions for further research directions.



CHAPTER 2

AN OVERVIEW OF ASSEMBLY LINES

When a product or a family of technologically similar products exhibit high
volume and stable demand over lengthy periods of time, it becomes economical to
dedicate a special facility to the product or family of products under consideration.
To reduce work-in-process inventory caused by such non-productive times as
loading, unloading and transportation between successive operations, the
workstations are physically arranged in a contigonous sequence without violating
the technological ordering of manufacturing stages. The resulting facility is called
a fabrication line, if the production process is fabrication; or assembly line, if it is

assembly (Hax and Candea, 1984), or flow line in general.

Assembly lines rely heavily on the Principle of Interchangeability and the Division
of Labor. Developed in the 1800’s, the principle of interchangeability states that
the individual components that make up a finished product should be
interchangeable between product units. Division of labor embraces the concepts of
work simplification, standardization, and specialization. Following these
principles, complex activities are subdivided into elemental tasks, detailed work
instructions are produced for rationally accomplishing each of these tasks
independently, and the elemental tasks are assigned to different workers, who
quickly become proficient in performing their repetitive operations. Together,
interchangeability and division of labor facilitate mass production, allow
replacement parts to be used to lengthen a product’s useful life, and make the
pioneering work of Henry Ford and others possible in developing assembly lines
(Askin and Standridge, 1993).



There are several ways of classifying assembly lines:

e Manual versus Automated (Nature of work)

¢ Mechanical versus Non-mechanical (Transfer types)

o Single Model versus Multi-mixed Model (Model types)
o Straight versus U-lines (Layout )

o Parallel versus Single

e Paced versus Unpaced

According to the nature of the work, there are basically two kinds of assembly
lines: manual assembly lines and automated assembly lines. Manual assembly
lines consist of multiple workstations until the product reaches the final
workstation and leaves the line as a finished good. At each workstation a portion
of the total work content is performed by one or more operators. In the aufomated
assembly lines the work at the stations is performed automatically rather than

using operators and/or transfers between stations are automatic.

There are two methods of work transfer between workstations: by using non-
mechanical lines, and by using moving conveyor lines. In non-mechanical lines,
the parts are passed from one station to another by hand. In moving conveyor

lines, the parts are moved between workstations by using a moving conveyor.

There are three kinds of assembly lines according to the model variations:

1. Single-model line: A single model or a product is produced in this kind of
lines. The critical point of this type assembly line is that the demand rate for
the product is sufficiently large.

2. Multi-model line: Two or more models, which have similar sequence of
processing or assembly operations, are produced in batches on the line in this
type of assembly line. While switching from one type to another, the line is
rearranged.

3. Mixed-model line: In this type of line, various models are intermixed on the
line so that several different models are being produced simultaneously

without rearranging the line.



Traditional assembly lines are arranged in a “straight” line. Recently many new
production lines are being arranged in “U-lines” rather than straight lines, as a
consequence of the use of just-in-time production principles. JIT layout objectives
should include reduced pick-up time, training time, overall manufacturing floor
space, material handling effort and production lead time, and an increase in the
production-scheduling flexibility. According to Monden (1983), U-shaped layouts
are preferable for JIT systems. The most remarkable advantage of this layout is the
flexibility to increase or decrease the necessary number of workers when adapting
to the changes in demand. Some advantages of U-lines over traditional straight
lines are the improved communication because of the close proximity of operators
to each other, multiskilled operators, easier rebalancity of the change of balancing
the line with fewer stations according to a traditional line (Miltenburg and

Wijngaard, 1994).

If the processing time of some tasks exceeds the cycle time, Parallel or Multiple
Stations can be used to balance the line. By paralleling, a more balanced line with

fewer stations can be achieved.

A choice between a paced and unpaced line must be made. In a paced
(synchronous) line, each workstation is given exactly the same amount of time to
operate on each unit of product. At the end of this time (cycle time), the handling
system automatically indexes each unit to the next station. In an unpaced
(asynchronous) line, the station removes a new unit from the handling system as
soon as it has completed the previous unit, performs the required tasks, and then
forwards the unit on to the next station. Unlike paced lines, parts need not be

passed on incomplete.

Assembly lines have the ability to keep direct labor (or automated machines) busy
doing productive work. Setup requirements are normally minimal in assembly
lines since the tasks are repetitive. Instructions are simply to repeat the previous
activity. Thus, workers quickly reach effective points on the learning curve.

Assembly line systems do not require large queues of work-in-process inventory.



Consequently, there is less space required, plus lower inventory holding cost and

shorter throughput time (Askin and Standridge, 1993).

2.1 TERMINOLOGY USED FOR ASSEMBLY LINES

A workstation or station is a location along the line where a group of tasks is
performed by operators and/or machinery. A fask is the smallest, indivisible and

rational work element of the total work content in an assembly line.

Task time is the duration of the task. It can be deterministic or stochastic. Work
content (station time) is the actual amount of task times assigned to that station.
Cycle time is the time between the completion times of two consecutive units. It is
specified according to the required production rate to be achieved by the flow line.
To reach the planned rate, the cycle time should be less than or equal to 1/planned

rate.

Precedence constraints are precedence requirements that restrict the sequence in
which the job can be accomplished. Job i is said to be predecessor of job j if it has

to be completed before job j starts. In such a case job j is the successor of job i.

Precedence diagram is a graphical representation of the sequence of tasks defined
by the precedence constraints. The processing of a task cannot start until its
immediate predecessors have been processed. The immediate predecessors of a
task are the tasks, which must be completed just before starting to process this
task. The immediate successors of a task are the tasks, which can be processed just
after the completion of this task. An example of precedence diagram is illustrated
in Figure 2.1. The nodes in the figure represent tasks. The task times are given
above each node. Arrows indicate the sequences in which the tasks must be done.
According to the figure, job 1 is the immediate predecessor of jobs 2, 3 and 4, and

job 5 is the immediate successor of jobs 2 and 3.



Figure 2.1 An example precedence diagram

Precedence matrix is a tabular representation of the precedence relations. It is an
upper triangular matrix. Rows and columns are labeled with consecutive task
numbers. If task i immediately precedes task j, 1 is placed in an entry
corresponding to row i and column j. All other entries are zero. Figure 2.2

illustrates the precedence matrix of the example given in Figure 2.1.

1 2 3 4 5 6
1y - 1 1 1 0 o0
2 - 0 O 1 0
3 - 0 1 0
4 -0 1
S - 1
6 -

Figure 2.2 Precedence matrix of the example given in Figure 2.1

The precedence structure of a line can be characterized by the Flexibility-ratio

(FR) which is a measure of the number of feasible sequences that could be



generated from an N-task problem. A similar measure is the Order Strength, which
measures the volume of distinct ordering that are permitted by the specified
precedence relations (Erel and Sarin, 1998). These measures can be expressed as

follows:

_ 2*(#0f zerosin the precedence matrix)
NN -1)

FR

2* (# of ones in the precedence matrix)

Order Strength =
NN -1

As the FR increases, the line becomes more flexible since fewer precedence
relations exist. When the order strength increases, number of precedence relations
also increase. So, we can say that higher the order strength, the dependency

between tasks gets higher which lead to a more strict line.

In some situations a precedence diagram cannot express all the implications of the
setting up an assembly line. Zoning restrictions indicate which tasks must be
assigned to the same workstation and which tasks must not be assigned to the same

workstation.

2.2 PERFORMANCE MEASURES

There are commonly two types of performance measures used in the assembly

lines. These are total idle time and balance delay.

The difference between cycle time and work content is called the idle fime of that
station. Total idle time can be considered as a measure of design effectiveness of

the line and is the sum of all station idle times.



Balance delay is a measure of the line inefficiency that results from idle time due
to imperfect allocation of work among stations. It is symbolized as BD and is
computed as follows:

Total idle time
# of stations x cycle time

BD =

Balance delay is the ratio of total idle time to the total time spent by the product
from the beginning to the end of the line. If BD equals to zero then, perfect
balance occurs. In this situation, the work contents in all stations are exactly equal

to the cycle time.

2.3 ASSEMBLY LINE BALANCING (ALB) PROBLEM

The assembly line balancing problem consists of assigning tasks to an ordered
sequence of stations such that the precedence relations and zoning constraints
among the tasks are satisfied and some performance measure is optimized (Erel
and Sarin, 1998).

There are mainly two types of objectives used in assembly line balancing. One of
them is the minimization of total idle time given a desired cycle time. The ALB
problem considers this objective is called Type I problem. 1t is also important to
mention that the minimization of number of stations for a given cycle time is also
equivalent to this objective. The other objective is the minimization of cycle time
for a fixed number of stations. The problem considers this objective is called Type
II problem. Majority of literature is for Type I problems. However, Erel and Sarin
(1998) states that there are also some other objectives like minimizing balance

delay and maximizing the profit per unit of time used in literature.

2.4 PARALLELING CONCEPT IN ASSEMBLY LINE BALANCING

The main assumption in the traditional assembly line balancing problem is that the
line is ‘serial’, i.e. there is no ‘paralleling’ of task. Each task is assigned to a

particular workstation that can perform the task. Paralleling allows a specific task

10



to be performed at more than one station. The serial line assumption restricts the
cycle time to at least the maximum task time, thereby limiting the production rate.
However, since paralleling reduces the largest task time by performing this task in

more than one station, the maximum achievable production rate increases.

There are two types of paralleling in assembly line balancing. These are

paralleling of tasks and paralleling of stations.

2.4.1 Paralleling of Tasks

If the task time of some tasks in assembly line is greater than the cycle time, task
paralleling can be used to balance the line. A paralleled task can be performed at
more than one station. By paralleling, the effective task time is reduced by the

number of times the task is replicated.

Theoretically the effective task times for a paralleled task, given by t;, and ti, can
be set such that t;, + ty = t; where t; is the processing time of task i. Searching for
possible combinations of t;, and t;, makes the solution procedure very complex.
Hence, in the literature, the effective task times are limited to equal allocations i.e.

tia=ti,=t;/2.

A critical assumption in ALB is that the tasks are indivisible. It is important to
note that even if a task is paralleled, the above assumption still holds. Paralleling

entails performing the task at more than one station and not dividing the task.
We illustrate the task paralleling through the problem in Example 1. Precedence

diagram for a 5-task assembly line is given in Figure 2.3. The production rate is

such that the cycle time is set at 14 minutes.

11
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—

6 y
e x: task index
y: task time
()

Figure 2.3 Precedence diagram for Example 1

Since the time of task 4 exceeds the cycle time, overtime is required to meet the

production rate.

In the example problem, task 4 can be paralleled once, such that it can be
effectively replaced by two new tasks each with a task time of 8 min. Figure 2.4

shows the precedence diagram for the situation when task 4 is paralleled.

11 6 12 x | : Paralleled
task

Figure 2.4 Precedence diagram with task 4 paralleled

If paralleling is not allowed, the cycle time must be increased to 16 min. The best

allocation relative to the number of workstations would be:

12



Station#  Task assigned

1 1
2 2
3 3
4 4
5 5

If paralleling is allowed, the production rate can be met with cycle time of 14 min.

In this case the line can be balanced with 4 stations as follows:

Station#  Tasks assigned

1 1
2 2,4a
3 3
4 4b,5

Decision about which tasks to be paralleled and the level of paralleling involves
consideration of the cost of additional facilities for performing the tasks that are
paralleled at different stations. Even though none of the task times is greater than

the cycle time, paralleling of tasks can also lead to a balance with fewer stations.

2.4.2 Paralleling of Stations

Paralleling of stations implies duplication of all tasks of that station. By paralleling
a station, the maximum allowed work content is increased to m*CT where m is the
# of times the station is parallel and CT is the cycle time. In such a case m units

will be available by the end of m*CT time units.

The main challange in paralleling of stations is to improve balance efficiency.
Paralleling can reduce idle times by fitting tasks to stations more ‘tightly’ because
the work content allowed at a paralleled station is equal to the cycle time

multiplied by the number of times that station is paralleled.

13



As mentioned, the production rate is limited by the longest task time in traditional
assembly line models. Since paralleling reduces the effect of longest task time, the

production rate increases by paralleling of stations.

An additional benefit of paralleling relates to system reliability. In a serial line, the
failure of any one station causes the entire line to halt; the failure of a paralleled

station permits operations to continue, albeit at a reduced rate (Bard, 1989).

Although substantial benefits of station paralleling, it should not be ignored that in
the paralleling of a station, an additional cost is incurred due to the duplication of

all tasks in the station.

We illustrate the parallelization of stations through Example 2 taken from Bard
(1989). The precedence diagram of the assembly line is given in Figure 2.5. The

cycle time is 55 minutes.

11

Figure 2.5 Precedence diagram for Example 2

14



Two balances for this line are as given by Figures 2.6 and 2.7. In Figure 2.6, the
balance when paralleling is not permitted is shown whereas in Figure 2.7, the

balance is shown when paralleling of stations is permitted.

St. 1 St. 2 St. 3 St. 4 St. 5
work N
flow | 1 2 3 3467 5,8,9,10 n [~
Figure 2.6 Balance with serial stations
St. 3a
2,4,6,7,10,11
St. 1 St. 2
work S .
flow 1 3,5,8,9
St. 3b
2,4,6,7,10,11

Figure 2.7 Balance with parallel stations

When paralleling of stations is not permitted, the line is balanced with 5 stations.
The efficiency of the line shown in Figure 2.6 is calculated as follows:

Total idle time = 5+7+5+9+45 = Total idle time = 71 min.

BD =71/5*55 = BD =0.26

Efficiency of the line = 1-0.26 = Efficiency of the line = 74%

When paralleling of stations is permitted, the line is balanced with 4 stations. The
efficiency of the line shown in Figure 2.7 is 93%. Note that by paralleling of
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stations, a more efficient line with less number of stations is obtained. But it must
also be considered that in the paralleling of a station, the additional cost incurred is
the cost of duplicating all production facilities required at that station. Hence, this
cost becomes an important performance measure to decide if the paralleled line is

desirable.
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CHAPTER 3

ASSEMBLY LINE BALANCING LITERATURE

In ALB literature, the problems are classified into four categories as shown in
Figure 3.1: Single-Model Deterministic (SMD), Single-Model Stochastic (SMS),

Multi/Mixed Model Deterministic (MMD) and Multi/Mixed Model Stochastic

(MMS).

ALB Problems
Sinng Model Multi/rlnixed
I l I |
Deterministic Stochastic Deterministic Stochastic
(SMD) (SMS) (MMD) (MMS)

Figure 3.1 Classification of the ALB problems

The SMD problem applies to single-model assembly lines where the task
performance times are known constants. This is the simplest form of the ALB
problem. The SMS category introduces the concept of task time variability. This
version represents the manual assembly lines more realistically where task

performance times are seldom constants. The variability of task times can be rather
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large relative to their means. This is especially true for tasks that are complex and
require high levels of skill and concentration (Erel and Sarin, 1998). Ghosh and
Gagnon (1989) state that with the introduction of stochastic task times many other
issues become relevant, such as station times exceeding the cycle time, thereby the
production of defective or unfinished parts, pacing effects on workers’ operation
times, station lengths, size and location of inventory buffers, launch rates, and

allocation of line imbalances.

In MMD problem more than one model on a single line with deterministic task
times are produced. Hence model selection, model sequencing and launching
rate(s), and model lot sizes become more critical issues. The MMS problem differs
from MMD in that stochastic times are allowed. All factors arising from
stochasticity that are relevant in the SMS problem also become relevant in MMS.
However, these issues become more complex for the MMS problem because
factors such as learning effect, worker skill level, job design and worker task time
variability become more difficult to analyse because the line is frequently
rebalanced for each model assembled (Ghosh and Gagnon, 1989).

In this study, we are interested in the SMD assembly line balancing problem and

we exclude any stochastic ALB problems in our literature review.
3.1 OVERVIEW OF ALB PROCEDURES/ALGORITHMS

ALB problems have a great computational complexity. Even Type I problem (also
called SALB-1; Simple Assembly Line Balancing Type I) is NP-hard. Although
the formulation of the problem is not difficult, finding feasible task sequences that
minimize the number of stations requires enormous effort. If the precedence
relations are disregarded, the problem looks like a sequencing problem and N!
solutions exist for N tasks. Since there are extremely large number of feasible
solutions, an enormous effort is required to find the optimum sequence among
these feasible solutions. However, the precedence restrictions and cycle time

constraints reduce the number of feasible solutions. It is stated in Erel and Sarin
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(1998) that if there are r precedence relations among N tasks, then there are

roughly N!/2r distinct sequences.

Since the first formulation of assembly line balancing problem by Salveson in
1955, much progress has been made in this area and many techniques have been
developed. The most recent papers that review the work on this subject are due to
Baybars (1986), Ghosh and Gagnon (1989), Erel and Sarin (1998). Baybars (1986)
discusses the development of the simple assembly line balancing problem as well
as its modifications and generalizations over time. He provides comparison and
analysis of exact and heuristic algorithms for the SMD version of the problem.
Ghosh and Gagnon (1989) report the results of a comprehensive review and
analysis of the ALB literature. Quantitative developments and qualitative issues
are addressed at both the strategic and tactical levels. They organize numerous
quantitative and qualitative factors which could impact the design, balancing and
scheduling of assembly systems into an eight-level hierarchical, factor/decision
taxonomy. This taxonomy is used to access the progress in assembly system
design and operation. Erel and Sarin (1998) critically examine the heuristic
procedures in ALB literature and summarize them to provide a state-of-the-art
survey. They also present the evaluation of the procedures and some topics in need

of further research.

The solution procedures in ALB can be classified as exact methods and heuristic
methods. The exact methods include Integer Programming, Dynamic
Programming, Branch & Bound Algorithm (optimal tree search algorithms),

Shortest Path or Maximal Path algorithms.

The most widely used heuristic method is the priority ranking approach, where the
tasks are ranked according to some criteria or priority rule like longest task time
and largest positional weight and then assigned to stations. Tree search or
enumerative methods, which are essentially branch and bound methods, except
that the branching, fathoming and termination rules are heuristic, come next. Trade

and transfer methods first achieve a balance by various methods and then

19



interchange tasks between stations to achieve a better balance. Random sampling
methods, known as random generation techniques, assign tasks to stations
randomly or randomly select a rule (from a set of rules) for assigning a task to a

station (Ghosh and Gragnon, 1989).

Ghosh and Gragnon (1989) also state that, although integer and dynamic
programming formulations have been extensively used to express the ALB
problem, neither can be efficiently solved by available techniques. Due to this,
enumeration techniques, branch-and-bound methods and dynamic programming
algorithms have gained widespread use for solving the integer programming

formulations.

3.2 SINGLE MODEL DETERMINISTIC ASSEMBLY LINE BALANCING

The procedures developed related with ALB have been mostly in this category.
Salveson (1955) was the first to publish the analytical statement of the Type I
problem. Thangavelu and Shetty (1971), Patterson and Albracht (1975), Talbot
and Patterson (1984) were the others who formulated the Type I problem as

integer programming formulations.

Although integer programming based approaches may be impractical for
especially big problems, it would be useful to give the general structure of the
formulation. We give the mathematical formulation of the Type I problem taken
from Sprecher (1999). We also add zoning restrictions to this formulation to

present a more general one.

In the formulation, an assembly line with J tasks is considered. The precedence
relations are described by the sets of predecessors P; of the tasks j=1,..., J,
indicating that a task j can not be processed before all tasks h, heP;, are completed.
The processing times of tasks are deterministic. In the precedence diagram it is
assumed that tasks are numerically labelled, i.e. a task always has a higher number

than all its predecessors. When the precedence diagram is thought as a network,
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without loss of generality, the network has exactly one source j=1 and one sink j=J
with a zero duration. The tasks have to be assigned to linearly ordered stations.

The notation used in the model is given below.

Indices

j Job index

v Station number index

Parameters

J Number of tasks

t, Processing time of task j

c Cycle time

\% Upper bound on the number of stations

P, Set of immediate predecessors of task j

M Set of pairs of tasks (a, b) that must be
processed in the same station

N Set of pairs of tasks (a, b) that must not
be processed in the same station

Decision variable

X, 1, if task jis assigned tostation v

0, otherwise
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The mathematical formulation of the SALB-1 is as follows:

A4
Minimize Z(x)= D VX, )
v=1
s.t.
Vv
2% =1 =1,..,7 ?)
J
2t <c v=1,..,V 3)
J.’:
N v
;V"hv : ;V-Xw j=L,...,J, heP; (4)
\ \
D VX, — D VK, =0 (a,b)eM 5)
v=1 v=]
X TXp, =1 (3, b)eN,Vv  (6)
x, {01} =10 v=1_.V (7)

Since we have only one finishing task, the objective (1) realizes the minimization
of the number of stations. Constraint set (2) ensures that each task is assigned to
exactly one station. Constraint set (3) guarantees that the sum of the processing
times of tasks assigned to one station do not exceed the cycle time c. The
precedence relations are taken into account by (4). Zoning restrictions are taken
into consideration by constraints (5) and (6). Constraint set (5) ensures that the
tasks are processed in the same station while constraint set (6) ensures the tasks are

processed in different stations.

Most procedures optimally solving Type I problem are based on branch-and-bound
procedures. Jackson (1956) was the first who constructed the branch and bound
algorithm. His method explicitly examines all possible assignments up to the last
station before examining any assignments to the last station. He showed that an
optimal solution exists in an enumeration tree whose arcs represent only maximal

stations, where a station is maximal if there is not any unassigned task that can be
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added into this station feasibly without exceeding the cycle time or violating the

precedence constraints.

Although there are several branch and bound procedures developed in the
literature, the most widely known and used branch and bound algorithms in
comparison studies include Johnson (1988), Hoffmann (1992), Sholl and Klein
(1997), and Sprecher (1999).

Johnson (1988) has developed a laser type, depth-first, branch and bound
algorithm called FABLE (Fast Algorithm for Balancing Lines Effectively). In
FABLE, tasks are renumbered prior to tree generation. A task is renumbered only
after all its preceding tasks are renumbered. Therefore, task renumbering starts
with a task which has no preceding tasks. Ties are broken in favor of tasks with
longer durations. Second level ties are broken in favor of the task with the greatest
number of immediate successor tasks. Forming the tree one branch at a time is
termed laser search. Hence, a feasible solution is found in the first complete branch
of the tree. Because tasks are always assigned to the earliest station available (task-
oriented branching), the stations are filled in forward direction. It uses four
different rules for node fathoming. Although it is an effective algorithm, it has
some limitations. Some of the fathoming rules cannot be applied if certain tasks
must be restricted to specified stations. Sholl and Klein (1999) state that although
the logical tests and bounds used greatly reduce the size of the tree, the algorithm
may be trapped within its rigid enumeration scheme so that the optimal solution is

not reached within a reasonable computation time available.

Hoffmann (1992) developed a branch and bound algorithm called EUREKA. It
makes use of a simple bounding rule, based on the theoretical minimum slack. The
procedure branches in a station-oriented manner by assigning a complete load to
the earliest unloaded station at a time. It first computes the theoretical minimum
number of stations and then starts searching for an optimal solution in forward
planning. If no optimal solution is found within the allowed time, it starts search

for optimal solution in backward planning. Again if no optimal solution is found
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during backward searching, then using the heuristic method of Hoffmann (1963) a
feasible solution is found. It is stated in Scholl and Klein (1999) that if the optimal
number of stations is significantly larger than the initial lower bound, powerful
dominance rules and lower bounds are needed to reach an optimal solution in
reasonable computation times. They state that the additional backward planning of
EUREKA sometimes quickly finds optimal solutions where the forward procedure

fails.

Scholl and Klein (1997) developed a bidirectional branch and algorithm called
SALOME (Simple Assembly Line Balancing Optimization Method). It has
station-oriented branching procedure. The tasks are renumbered as in FABLE.
Since it is a bidirectional procedure, it makes use of both the original and the
reversed precedence graph. It has also some logical tests like maximum load rule.
Scholl and Klein (1999) state that SALOME reaches to good and often optimal
solutions very quickly due to its bidirectional enumeration scheme. According
their computational results, SALOME clearly outperforms FABLE and EUREKA
for all performance measures concerned. The performance measures that they
consider are number of instances for which an optimal solution is found, average
and maximum relative deviation from optimality in percentage, and average

computation time in seconds.

Sprecher (1999) presents a branch and bound algorithm called AGSA (Adapted
General Sequencing Algorithm). The algorithm relies on the precedence tree
guided enumeration scheme introduced for dealing with a broad class of resource-
constrained project scheduling problems (RCPSP). The problem can be considered
as a RCPSP with a single resource with time-varying availabilities and activities
using one unit each period they are in process. Thus, the problem can be solved by
any RCPSP algorithm capable of dealing with time varying availabilities. Before
the enumeration starts, the tasks are relabelled with respect to the maximum
duration rule. In his study, he also compares AGSA with FABLE, EUREKA and
SALOME. Computational results show that AGSA can compete quite well with

these procedures.
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The mathematical formulation for Type II problem is the same as the Type I
problem except the objective function. Here, our objective function is for

minimizing the cycle time for a fixed number of stations.

In the literature, there are not many procedures developed for solving the Type II
problem. This is because one can solve any Type II problem by successively
applying Type I solution procedures with various trial cycle times. The most
recently developed procedures for solving Type II problems are Klein and Scholl

(1996) and Ugurdag et al. (1997).

Klein and Scholl (1996) developed a branch and bound algorithm called
SALOME-2 which is the adaptation of their SALOME to the Type II problem.
The procedure uses a new enumeration technique, namely the local lower bound
method, which is complemented by a number of bounding and dominance rules.

Computational results indicate that the new procedure is very efficient.

Ugurdag et al. (1997) provide a two stage heuristic procedure, which is based on
an integer programming formulation of the problem. It is a simplex-like procedure
which, while attempting to minimize the cycle time, also smooths out the
workload among the workstations. The first stage of the procedure finds an initial
solution to the problem. The second stage of the algorithm improves the initial
solution using a simplex-like procedure. Computational results show that their

procedure performs well.

As exact algorithms become intractable with increasing problem size, considerable
effort has been spent in development of heuristics. These methods can give a good

solution in a short time even for large problems.

In the literature there are many heuristic procedures developed for solving the
Type I problem. In this study only six most popular ALB heuristics by Helgeson
and Birnie (1961), Kilbridge and Wester (1961), Moodie and Young (1965), Arcus
(1966), Hackman et al. (1989) and Hoffmann (1963) are discussed. Erel and Sarin
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(1998) give a detailed review of the heuristics in the literature.

Helgeson and Birnie (1961) propose the well-known and popular Ranked
Positional Weight Technique (RPWT). In this technique a positional weight for
each task, which is the sum of its task time and the task times of all other successor
tasks, are calculated. Tasks are ranked in descending order based on their
positional weights and assigned to stations in that order. If a task takes longer than
the cycle time remaining in the station or would violate the precedence relations,
then the next task is considered. If no further task can be assigned to a station, the
next station is opened. The technique does not guarantee a very good solution, but

by using different cycle times several alternative balances can be found.

Kilbridge and Wester (1961) propose a technique developed primarily to balance
lines without the aid of a computer. The main feature of the technique is to group
tasks into columns in the precedence diagram where tasks are placed as far to the
left as possible without violating the precedence relations. It is a simple, powerful
technique, especially for long cycle times where one station crosses several
columns. On the other hand, with short cycle times one column may require two or

more stations, and a fair amount of adjustment is necessary (Erel and Sarin, 1998).

Moodie and Young (1965) developed a two-phase procedure. In phase 1, the tasks
are assigned to stations by the largest candidate rule (longest task time) without
violating the precedence relations. In the second phase, by the mechanism of
trades and transfers of tasks, an attempt is made to reduce and distribute the idle

time equally among the all stations.

Arcus (1966) developed a technique called COMSOAL (Computer Method of
Sequencing Operations for Assembly Lines). A task is said to be fittable to the
current station if its task time is not greater than the remaining station time and all
the predecessor tasks of that task have been assigned. The technique selects a
fitable task randomly and assigns it to the station. This procedure goes on until

there are no unassigned tasks.
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Hackman et al. (1989) developed a branch and bound procedure. The nodes are

fathomed according to several heuristic rules and this reduces the size of the tree.

Hoffmann (1963) proposed an enumeration method using a triangular precedence
matrix. The method generates all feasible station assignments that do not exceed
the cycle time. The first station is obtained by selecting the feasible subset of tasks
that minimize station idle time. The second station is obtained by selecting the
feasible subset of tasks that leaves the least station idle time from the remaining

tasks. This procedure is repeated until all tasks are assigned.

Ponnambalam et al. (1999) conducted a comparative evaluation study. In their
study, they use some heuristic including Helgeson and Birnie (1961), Kilbridge
and Wester (1961), Moodie and Young (1965), Hackman et al. (1989), and
Hoffmann (1963). All the methods are compared for four performance measures.
The performance measures used are number of excess stations, line efficiency,
smoothness index and CPU time. The results show that Hoffmann (1963)’ s
enumeration procedure performs best. However, Hoffmann’s procedure
enumerates all the feasible alternative sets of tasks at the stations therefore its

execution time is the longest.

3.3 MULTI/MIXED MODEL DETERMINISTIC ASSEMBLY LINE
BALANCING

Multi Model ALB and Mixed Model ALB differ in the lot sizes. On a mixed
model line the lot sizes equal one. Because of this, the change-over costs and
change-over times should be negligible. But in a Multi Model ALB problem, the
lot sizes are greater than one and therefore the change-over costs can not be
assumed negligible. So, the objective of the Multi Model ALB problem is to

minimize the production costs which include change-over costs.

The solution procedures developed for solving Multi/Mixed Model ALB problems
are fewer compared to the Single Model ALB procedures. As Fokkert and de Kok
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(1997) state, most of the articles in this area date back to 1980s. However, because
of the evolution of change-over problems in mass assembly, they foresee a

renewed interest in the Multi/Mixed Model ALB.

The Single Model ALB and the Mixed Model ALB differ in the precedence
constraints and task times. In Mixed Model ALB, every model has its own
precedence diagram and a balance satisfies any of these orderings. However, only

one precedence diagram and identical task times are given in Single Model ALB.

Thomopoulos (1967) proposed a procedure for Mixed Model ALB. He used a
combined precedence diagram, a combination of different models into a single
precedence diagram, and then he used the heuristic of Kilbridge and Wester (1961)
to minimize the number of stations in his procedure. It must be noted that in Mixed

Model ALB, the cycle time is defined according to the duration of a shift.

Macaskill (1972) also proposes a combined precedence diagram based procedure
for Mixed Model ALB problems. He used the heuristic of Helgeson and Birnie

(1961) to minimize the number of stations.

Gokgen and Erel (1997) presented an optimum seeking (exact) algorithm for
Mixed Model ALB. They developed a binary integer programming model that
utilizes a combined precedence diagram for different models in the problem. They
have reported optimal solutions of problems with up to 40 tasks in the combined

diagram.

Wild (1972) suggests that when the lot sizes are small and when it is important that
every repetition of a task is carried out by the same station, a balancing method for
mixed model lines can also be used to balance a multi model line. He also
proposed to balance a multi model line with large lot sizes by successive
application of single model ALB procedures. This procedure balances the line for

the model that has the largest frequency. The remaining models are balanced in
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such a way that similar tasks are assigned to the same station in order to minimize

the change-over activities.

Chakravarty and Shtub (1985) proposed a heuristic procedure for Multi Model
ALB, which considers the labour, set-up, and the inventory costs. In the procedure,
by placing buffers between two adjacent stations, the batch sizes are allowed to

vary between stations.

Berger et al. (1992) proposes a branch and bound algorithm with a truncated
search for Multi Model ALB in which the common tasks of the models are
performed first. The production process of the models starts diverging after the
common tasks are performed. This algorithm provides an exact solution if its full

version is used.

3.4 ASSEMBLY LINE BALANCING WITH PARALLELING

Almost all the procedures developed for assembly line balancing assume that the
longest task time in a balancing problem is less than the predetermined cycle time.
This type of situation is usually found in sophisticated and/or smaller product
industries, especially in electrical/electronics industries. All these techniques fail to
solve the balancing problems when at least one task time in the system is longer

than the cycle time (Sarker and Shanthikumar, 1983).

In the literature, the studies on balancing assembly lines by using the paralleling
concept are few. Buxey (1974) explains how to balance the assembly lines with
parallel operation both for the stations themselves and the line as a whole. He also
explains some assembly line design issues. He uses the Ranked Positional Weight
Technique and the Random Generation method as a basis for balancing the line by

incorparating the concept of multiple (parallel) stations to both heuristics.

Pinto et al. (1975) develope a branch and bound algorithm to balance the assembly
lines when paralleling of tasks is allowed. They state that, although paralleling
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involves consideration of the cost of additional facilities for performing the tasks
that are paralleled at different stations, the paralleled line may in many cases be a
less costly method of increasing production than the other alternatives such as the
use of overtime, another assembly line, subcontracting and buffer stocks. When
balancing assembly lines with paralleling of tasks, the main problem is selecting
the tasks to be paralleled in such a way that the total relevant costs are minimized.
These costs are the regular time labour cost, the cost of duplicating facilities for
performing paralleled tasks, and any overtime cost yet required for meeting the
desired production rate. The branch and bound algorithm proceeds by partitioning
the set of all combinations into subsets of ‘partial’ combinations. A partial
combination is made up of tasks that can be classified into three mutually
exclusive states: ‘fixed’ paralleled, ‘fixed’ not paralleled and undecided. Initially,
all the tasks are in an undecided state. A ‘full’ combination is achieved by
explicitly fixing all tasks either to be paralleled or not paralleled. The procedure
starts by considering all tasks as not paralleled and this solution is used as an upper
bound. If the lower bound on the total cost equals to the upper bound, the optimal
solution is reached, algorithm stops. If not, the algorithm continues with branching
until it finds an optimal solution. In this algorithm, the fixed costs are first
converted into equivalent manpower to make the cost of fixed facilities and the
labour cost comparable. Thus, the objective is minimization of the total equivalent

manpower plus the number of stations.

Pinto et al. (1981) developed a second branch and bound algorithm to balance the
assembly lines with paralleling of stations. The algorithm is very similar to Pinto
et al. (1975)’ s algorithm. In the objective function, both the labour cost and the
cost of additional production facilities are considered when the station is
paralleled. Again, the problem is converted from one of cost minimization to
minimizing the equivalent manpower plus the number of stations. The steps of the
algorithm is the same as in Pinto et al. (1975). The only difference being, a partial
combination is made up of stations that can be classified as station ‘fixed
paralleled’, station ‘fixed not paralleled’ and station yet ‘undecided’. They also

propose a heuristic solution procedure derived from the branch and bound method.
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Sarker and Shanthikumar (1983) develop a generalized heuristic to balance an
assembly line where the task times may be shorter or larger than the specified
cycle time. The approach is composed of two phases. The first phase deals with
assigning the tasks to different stations according to the longest task time rule, and
the second phase deals with reducing the balance loss of the line by trades and
transfers. The paralleling, which is used either to increase the efficiency of the line
and/or balance the line when the cycle time is less than at least one task time, is

adopted during the first phase.

Bard (1989) proposed a dynamic programming algorithm for solving an assembly
line balancing problem with parallel workstations. The objective is again the cost
minimization. The main difference of this algorithm from Pinto et al. (1975) and
Pinto et al. (1981) is that, it includes the cost of duplicating both tasks and stations.
A second distinguishing feature of the algorithm is that it takes the unproductive or
dead time at a station into account where dead time is defined as the fixed set-up
time that might accompany the movement of a conveyor, or the time it takes for a

robot to move in on the workpiece.

Gokgen (1997) proposes a heuristic method that provides paralleling of the stations
after balancing of the line. This method has the potential of improving the balance
efficiency of the line by reducing the station idle times and increasing the
production rate. In the method, paralleling concept is considered after a single line
is found. The stations with higher idle times are paralleled and then grouped with
their adjacent stations to reduce the idle time. There are two decisions related with
paralleling. First decision is whether paralleling is required or not. If the number of
stations after balancing equals to the theoretical minimum number of stations, then
there is no need for paralleling. However, if the number of stations after the
balance is greater than the theoretical minimum number of stations and the total
idle time is greater than or equal to the cycle time, then paralleling is considered.
The second decision is about the choice of stations to be paralleled. This decision

is based on the comparison of idle time at each station with the limit on the
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maximum station idle time allowed by the management. Every station whose idle
time is greater than this value is paralleled. The paralleled stations are then

grouped with adjacent stations without exceeding the cycle time.

Askin and Zhou (1997) develop a heuristic for mixed model assembly line
balancing with paralleling. To our knowledge, theirs is the first study considering
task-dependent equipment cost and its effect on the station paralleling decision in
Mixed Model Assembly Line Balancing literature. They state that creating
parallel, identical workstations ameliorates the worker idle time problem by
increasing the effective cycle time for each stage in the serial production process
but at the expense of additional capital cost. As they mention in repetitive
manufacturing industries, such as automobiles, watches and clocks, refrigerators
etc., equipment duplication cost can be significant and should be taken into
account. From this point of view, their algorithm is important in that it considers
task-dependent equipment cost and station paralleling simultaneously. The
heuristic allows a station to be paralleled arbitrary number of times and uses a
threshold to take into account the utilization requirement. The decisions on
paralleling of workstations are made not only based on the task times, but also on
the comparison of incremental equipment/tooling cost with the cost of unutilized
workstation capacity. The heuristic can quickly find good solutions to large
problems. As their study is very closely related to our study, more information
about their algorithm and its modification according to our purposes are given in

Chapter 4.

McMullen and Frazier (1998) propose a Simulated Annealing based technique to
address the assembly line balancing problem with multiple objectives when
paralleling of workstations is allowed. In their study, they relax several common
assumptions for line balancing problems. First, task times are assumed to be
stochastic. Second, the assumption of a single objective is relaxed. Two primary
objectives are emphasized in the study, the extent to which the desired cycle time
is achieved and the total design cost of the production line (equipment cost and

labour cost). Third, they relax the assumption of one worker per station and allow
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using of parallel workstations. Finally, the assumption of a single product type is
relaxed. The algorithm can be used both in Single Model ALB and in Mixed
Model ALB. The experimental results show that the approach yields significantly
better solutions in cycle time performance but average solutions in cost

performance.

It would be useful to mention that Pinto et al. (1975), Pinto et al. (1981), and Bard
(1989) allow 2-level paralleling. That is, only single duplications of tasks or
stations are considered. Other researchers allow more than 2-level paralleling in

their procedures.

As seen, most of the procedures developed for balancing assembly lines with
paralleling consider cost minimization. Askin and Zhou (1997) stress the
importance of considering equipment cost when paralleling. However, their
algorithm is an heuristic algorithm and does not guarantee optimality. Among the
studies on SMD ALB, there is no exact procedure that considers task dependent
equipment cost and station paralleling at arbitrary number of times. We propose a
branch and bound algorithm for SMD ALB which considers task dependent
equipment cost and station paralleling simultaneously. This branch and bound
algorithm is an exact procedure under the assumption that a station is never closed

as long as there is a fitable task and it allows more than 2-level paralleling.
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CHAPTER 4

BRANCH AND BOUND ALGORITHM

In this chapter, we describe our approach to solve SMD ALB problem with station
paralleling. We first give the mathematical representation of the problem together
with its underlying assumptions. Our branch and bound approach together with the

upper and lower bounds employed is explained next.

4.1 MATHEMATICAL FORMULATION

‘Stages’ are the major segments of a line. Each segment contains a part of the total
work content or total task. Each segment may require different number of
operators or machines to balance the output rate of one segment to the segment
immediately following it. The operators or machines at each stage are known as
the ‘stations’. The number of stations at each stage represents the order of

paralleling.

We study the SMD ALB problems with the following assumptions:

e A single product is assembled on the line. The processing times of tasks are
deterministic.

e Station paralleling is allowed.

e A station is never closed if there exists any fitable task.

e FEach task requires a specified type of equipment to be performed. An
equipment can be a machine or an instrument or a tool that is required to

process the task.
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Each type of equipment is associated with a specific cost. This cost can
represent the purchasing and operational cost of using the equipment.

When station paralleling occurs, the equipment(s) in that station is(are) also
duplicated.

The cycle time to satisfy the demand is known and fixed.

The precedence restrictions that give information about the relative processing
order of the tasks are known.

A task can be performed at any station provided that the equipment for this
task is available in that station and the precedence restrictions are satisfied.
There is a fixed cost of opening a workstation. We assume this cost includes

the labor and overhead costs.

Our problem is to assign each task to a stage in the serial production system and

determine the number of identical parallel stations at each stage. A workstation can

be paralleled more than once. Our model is a slight modification of the model
proposed in Askin and Zhou (1997). Askin and Zhou (1997) give the formulation

for mixed model whereas we consider single models. The following notation is

used in the model.

Indices
] Task number

4 Type of equipment

k Stage number

Parameters

N Number of tasks

C Cycle time (units)

L Fixed cost to open a station

Ae Amortised unit cost for equipment type £
t; Processing time of task j

IP Set of task pairs (u, v) such that task u must precede task v
D Number of equipment types

£(3) Equipment type required by task j
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Decision Variables

Vi Number of parallel stations at stage k

W 1, if equipment type { is required at stage k
0, otherwise

X 1, if task jis assigned tostagek
0, otherwise

The mathematical formulation of the problem that allows station-paralleling and

considers equipment duplication cost is given below:

N N D
Minimize Z= )y, L+Y y, D W, As ¢))
k=1 k=1 =1
subject to:
N .
>k, =1 Vi @
k=1
X S Wi Vi, k ?3)
N
t,x, <cy, Vk 4
j=1
k
Xy S D Xy, YV (u,v) eIP Q)
h=1
Xjk € {0: 1} v.]) k (6)
Wik € {0, 1} Vi, k @)
¥, 2 0 and integer vk ®)

The objective (1) is the minimization of total fixed cost for operating stations and
total equipment cost. Constraint set (2) guarantees that each task is assigned to
exactly one stage where N is an upper bound on the number of stages. Constraint
set (3) ensures that a task cannot be assigned to a stage unless its corresponding
equipment is also assigned to that stage. Constraint set (4) ensures that the sum of
the processing times of the tasks assigned to one stage cannot exceed the cycle

time. The precedence restrictions are taken into account by constraint set (5) such
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that if task v is assigned to stage k, all its predecessors should have been assigned

to stage k or one of the prior stages. Constraint sets (6) and (7) define x, ’ s and
Wy S as 0-1 variables, respectively. Constraint (8) ensures that y,’ s are non-

negative integers. It is important to state that the cost structure effects the type of
optimization. When equipment costs, A:s, are close to station opening cost, L, the
procedure tries to minimize both costs at the same time, thereby leading to a
simultaneous optimization problem. When As are much lower relative to L, the
procedure gives priority to the minimization of total station opening cost and then
tries to minimize total equipment cost. In such a case, Aierarchical optimization
problem occurs and the minimization of the number of stations becomes first
priority objective. Among the optimal solutions relative to first priority objective,
we select the one that minimizes the second priority objective, that is minimization

of total equipment cost.
4.2 SOLUTION PROCEDURE

A branch and bound algorithm is developed for minimizing the total cost which
considers task dependent equipment cost and station paralleling simultaneously.
The solution is formed by forward planning. According to this, the algorithm first
forms the stations of the first stage. Since one task per node of the branch and
bound tree is assigned, the branching scheme is fask-oriented. The algorithm uses
depth-first search with complete branching (left-most strategy). According to this
strategy, the nodes are generated and the node with the best value for the total cost
is selected for branching. The remaining nodes are sorted in increasing order of
total cost and stored in a local candidate list. At each revisit of the current node,

the next node is removed from the list and selected for branching.
Throughout the algorithm, the stages and the stations in stages are opened

sequentially. Tasks are assigned to stages with their equipment. If the equipment

required by any task is available at a stage, then there is no need to assign the same
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equipment again when assigning this task to this stage. Any task j is fitable to the
station at the last opened stage if’
i. The predecessors of task j have been assigned

ii. The time to perform task j is not greater than the idle time of the station

Each node at level r represents a partial solution with r tasks assigned. The branch
originating from a node represents the addition of a task to the current partial

sequence. The addition can be of three types:

o  Type I additions: An assignment to the current stage.

o Type Il additions: An addition of a new workstation to the current stage, i.e.
increasing the level of paralleling.

o Type III additions: An assignment to the next stage, i.e. closing the current

stage.

We always follow Type I additions if there is a fitable task to the current stage. In
case there is no fitable task, Type II and Type III additions are considered

simultaneously. For Type II additions we reconsider the fitable tasks and add

Fultim, +t, . . .
— |-y, | workstations to the current stage k thereby increasing the
c

. Fultim, +t; . . .
level of paralleling by | | ——— |-y, |, where Fuitim, is the total time of
c
tasks at each station at stage k. Type III additions refer to closing the current
t.
workstation and starting with [—L-l workstations for the node that considers the
c

addition of task j.

An accumulated cost AC,, representing the total cost occurred upon thus far and
the cost of adding this task to the current or a new stage is assigned to each node x
in the tree. At each level, the nodes are sorted in increasing order of ACy. Then,

lower bounds are calculated for each node. If lower bound on total cost is greater
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than or equal to the best known upper bound on total cost, this node is fathomed. If
all nodes are fathomed at any level, we backtrack to the previous level. Otherwise,

the node with minimum ACy value is selected for branching.

We find an initial upper bound by the heuristic procedure of Askin and Zhou
(1997) discussed in Subsection 4.2.1, and update the upper bound whenever a
complete solution with smaller total cost is reached. We terminate our branch and
bound algorithm whenever all nodes in the tree are searched explicitly or
implicitly, i.e. the lower bounds are found to be no less than the best known upper

bound. The lower bounds are explained in Subsection 4.2.2.

4.2.1 Upper Bounds

We modified the heuristic of Askin and Zhou (1997) for SMD ALB problems and
used this modified algorithm to obtain an initial upper bound. As a difference, the
modified algorithm considers only one type of model in the assembly line whereas
the heuristic considers more than one model type. The general idea of paralleling

and task assignment is the same as the algorithm of Askin and Zhou (1997).

Paralleling of stations is considered in two cases. The first case occurs when the
processing time of any task is greater than the cycle time. The station must be
paralleled, as it is not possible to finish the task in one cycle. In such a case, we

compete for a work content of y, *c once we have y, parallel stations. The

second case occurs when there is no task that could fit into the current station, but
there is considerable idle time left in the station. In this case paralleling of stations
may be advantageous. If we close the station and start a new stage, this can yield
excessive idle time and larger number of stations in optimal solution. On the other
hand, if we parallel the stations, the equipment duplication cost depending on the
assigned tasks can be very high. So, there is a trade-off between a fixed
workstation cost and paralleling. For catch this trade-off, we adopt the following

strategy:
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We denote the utilization of the current station at stage k as px and let 1 be a
threshold value for minimum station utilization required closing the station
specified by the decision maker. When i < m, the decision to create a parallel
station will be based on incremental equipment cost resulting from adding a
parallel station to stage k. This cost is the sum of the cost of all duplicated

equipment. If we denote the incremental equipment cost as ATy, then ATy - Z As
LeVr

where Vy is the set of tooling required to perform the tasks assigned to stage k.

If there are y, parallel workstations at stage k, the penalty cost of idle time for

closing the current workstation can be calculated by the following expression;
APy = L*y *UC

where APy is the penalty cost of closing that workstation and UCy is the unutilized
capacity for each station at stage k. If the penalty cost of closing the current station
is less than the incremental tooling cost caused by paralleling, then the decision is
to “close the current station and open a new one”. Otherwise, the decision is to
“parallel the current station”. To fasten the decision for paralleling, let pmax be the
maximum acceptable station utilization to parallel the station directly. If ux < Pmax,

then the current station is automatically paralleled.

The task assignment procedure begins initially with ranking the tasks in decreasing
order of their positional weights as in RPWT proposed by Helgeson and Birnie
(1961). At each step the first fitable task is added to the current stage. A task is
fitable if all its predecessors have been assigned and its task time is no greater than
the current idle time. If no fitable task exists, either a new station in a new stage is
opened or the current station is paralleled. It must be noted that when a parallel

station is added to stage k, the idle time of each station at stage k (Ty®) is

c- (Zt jj /yk where Sy is the set of tasks assigned to stage k. We give the
jESK
flowchart of the algorithm in Figure 4.1.
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Order the set of unassigned tasks (U)
according to their positional weights

v

Initialization
k=1,V=0, T =c, Ve =1, k=0

fitable task
available?

Select the first
fitable task j j
and update U
i YES Close current
A station by
¢ setting k= k+1,
Asslign task, to Parallel the station | [Compute| | Y<~ 1, Tli =c
t ztiﬁgﬁm by setting ATy and and =0
Ye ™ Y& +1 APk
¢ Update Ty* and
Update m
Vie=ViUL()), ¢
Tka — Tka . tj/yk @
o NO
e =1- T / c
YES

Parallel the | | Close the

station station

vy
o O

Figure 4.1 Flowchart of Askin and Zhou’ s Heuristic Algorithm
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4,2.2 Lower Bounds

In this section we present a lower bound on total cost that is calculated for each
node of the branch and bound tree. Our lower bound, LB¢, consists of two
componenets: a lower bound on the number of workstations and a lower bound on

the equipment cost. We calculate LBc as follows:

LBc = L*LBS + LBT where,
LBs: Lower bound on the number of stations

LBt: Lower bound on equipment cost

A lower bound on number of stations for the unassigned tasks can be calculated by
dividing the sum of the processing times of these tasks by the cycle time. A lower
bound for a particular current node is the sum of the number of stations formed by
assigned tasks and the bound of the number of stations for the remaining tasks.
However, this is not the case when a station is paralleled. When task j is assigned

to stage k by adding parallel stations, the total number of parallel stations at this

.| Fultim, +t, i \ .
stage is | —————|. So, the number of parallel stations added to this stage is
c
Fultim, +t, . L. .
equal to | ———— |-y« When station paralleling is considered, we add the
c

number of parallel stations added to the total number of stations already formed to

find a lower bound. So, LBs can be represented by two components as LB; and
LB? where;
LB; = total number of stations already formed + lower bound on the number of

stations for the remaining tasks

LB = total number of stations already formed + number of parallel stations added

LB, if the current stage is closed
LBs =

LB3, if parallel stations are added to current stage
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A lower bound on tooling cost is calculated by the sum of equipment costs
incurred until this node and total equipment cost of unassigned tools. It is
important to note that when a station is paralleled the equipment in that station is

also duplicated, the additional equipment cost due to duplication is added to the

bound. LB can be represented by three components LB}, LB} and LB, where;
t.

LB} =total equipment cost incurred until this node + (—J] *total equipment cost
c

required to perform unassigned tasks

LB} =total equipment cost incurred until this node + additional equipment cost

Fultim, +t,

because of duplication + ‘V
c

] *total equipment cost of

unassigned equipment
LB; = total equipment cost incurred until this node +y, * total equipment cost of

unassigned equipment

LBy, if the current stage s closed
LBt = < LB?, if parallel stations are added to the current stage

LB;, otherwise

There are three types of lower bound calculations with respect to the type of node

additions. These are as follows:

Type I additions: In this case, lower bound on station number equals to the lower
bound on station number of its source node at the previous level, i.e. the node from

which the selected node is originating. So, there is no need to make any calculation
for this bound. Lower bound on tooling cost equals to LB; . Lower bound on total

cost is found by using these lower bound values.

Type II additions: In this case, lower bound on station number equals to LB and

lower bound on total cost is found by L* LBZ + LB; .
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Type III additions: In this case, lower bound on station number equals to LB; and

lower bound on tooling cost equals to LB, . Lower bound on total cost is:
LBc=L*LB; + LB,
4.2.3 Steps of The Proposed Algorithm

Our branch and bound procedure consists of mainly nine steps. The additional

notation used and the step by step definition of the procedure are as follows:

r : Level of the branch and bound tree
PS : Partial sequence of tasks
X : Node index

Index;, : Condition indicator

1,if Type I addition
Indexy = <2, if Type Il addition
3, if Type Il addition

Stimeg  : Station idle time for each station at stage k

ECy : Realized equipment cost at stage k

TC : Total realized cost

Fultimy : Total time of tasks assigned to each station at stage k

Vi : Total number of stations at stage k after task j is assigned to this stage
which is calculated as [F—um;lzk—ji—l

DE; : Total equipment cost required for assigning task j at node x to stage k

Step 1. Initialization
Read the data. Set:
=1, k=1, =1, Vi=J, PS=, TC=0, EC\=0, Fultimy=0
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Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Determine the tasks with no predecessors. For each node x, determine the
type of addition, and set the appropriate Index, value. Note that if r=1,
then Index,=3.
For each node x calculate AC values as follows:
If Index, is 1, then:
As*y, ,if the equipment £ required by task jis not available
DE,= atstagek
0 , otherwise
AC=TC+DE,
If Index, is 2, then:
As*y, ,if the equipment £ required by task jis not available

DE&~ at stagek
0 , otherwise

ACETC+L*(y; -y, )+ = *(s, ~ y,)+DE,

Yy

If Index; is 3, then:

-

C

t
AC=TC+L* {—’] +DE,
C

Sort the nodes at level r in nondecreasing order of ACy values. For each
node x calculate lower bound on total cost (LBc) as explained in section
4.2.2. If LBc2UB¢ where UBc is the best known upper bound on total
cost for any node, fathom this node.

If all nodes are fathomed, go to step 8. Otherwise, select task j at node x
with minimum ACy and add the task to the partial solution.

Add the selected task j to the partial solution as follows:

If Index is 1, then:

Stime, = Stime, -% ,V, =V, UL(j),PS=PSU(),
k

Fultim, = Fultim, +t,
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TC+As*y, ,if equipment £ required by task jis not available
TC= at stage k
TC , otherwise

EC, + A:*y, ,if equipment £ required by task jis not available
EC= at stage k
EC, , otherwise
r=r+1. If r is equal to N+1, update UB¢ and go to step 8. Otherwise, go
to step 7.
If Index; is 2, then:
V., =V, u£([),PS=PSU(j)
TC+L*(y, -y, ) +—*(¥, -y )+ A*y, ,if equipment requiredby

k
TC=+ taskjis notavailableat stagek

: E .
TC+L*(y, ‘Yk)"'_Ck*(Yk -Yi) ,otherwise

k

Y

Ce 4 v FA ¥y, ,if equipment/ requiredby task j
Y
ECi=< is not availableat stagek
B 4 .
Lxy , otherwise
L Y«
. . Iti
Fultim, = Fultim, +t,,y, = [Fu tm, -I,
c

Stime, =c— Fultlm% ,r=r+1, Ifrisequal to N+1, update UBc and
k

go to step 8. Otherwise, go to step 7.
If Index, is 3, then:

= k ,if risequaltol
k +1, otherwise

t.
= {_ﬂ Stimeic=c, V=, EC=0, Fultim, =0
C

Stime, = Stime, —t;/y,,V, =V, UL(j),PS=PSU(j)
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EC, =EC, +A/*y,,Fultim, =Fultim, +t;, TC=TC+L*y, +EC,,
r=r+1. If r is equal to N+1, update UB¢ and go to step 8. Otherwise, go
to step 7.
Step 7. Determine fitable tasks to the current stage. Set Indexyx value as 1 for
each node and go to step 3. If there is not any fitable task, then consider
Type II and Type III additions simultaneously and determine fitable tasks
for both of these type of additions. Set appropriate Indexx value for each
node and go to step 3.
Step 8. Backtrack to the previous level.
i. r=r-1. If r is equal to zero, go to step 9.
ii. Remove the task at the current node from the partial solution. Update
PS, k, yx, Vi, Stimey, Fultimy, ECx and TC. If there is an unsearched
node at this level, select the task at this node to add to the partial
solution and go to step 6.
Otherwise, go to step i.
Step 9. Stop.

We illustrate our branch and bound algorithm through Example 3. The precedence

diagram of the assembly line is given in Figure 4.2. The cycle time is 6 minutes.

“\

Assume L=50 and average equipment cost, A¢, is 5. The equipment type required

by each task is as follows:
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Task(j) Type of equipment (¢)

1
2
3
4
1
5

N Ut NWN =

Assume we have not got an initial solution. So, the first complete branch of the
tree provides an upper bound for the problem. The first branch of the tree is as

follows:

©

|
®

The only task with no predecessor is task 1. So, we add task 1 to the partial
solution. Since it is Type III addition, we start with 1 station at stage 1.

Accumulated cost and lower bound calculations are as follows:

DE1=A£*|VE—‘:>DE1=5*1:>DE1:5
C

AC1=L*P{|+DE1:>AC1=50*1+5*1:>AC1=55
C

6

P
IBs=| - |=>LBs=5
C

B 5
LBr = E-’*ZAzDLBTz 25

Cl =1

LBc=L*LBs+LBr = LBc =50*5+4+25 = LBc =275
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We assign task 1 to the first stage with its equipment. The related calculations are

as follows:
k=1, yi=1, Vi={1}, PS={1}, Stime;=3 , Fultim;=3 , EC;=5 , TC=55

The second level of the branch and bound tree is as follows:

@

The only fitable task to stage 1 is task 2. So, we add task 2 to the partial solution.
Since it is a Type I addition, accumulated cost and lower bound calculations are as

follows:

DEz2 = At*y1 => DE2 =5
AC:=TC+DE2=> AC2=55+5=> ACz2= 60

Because it is a Type 1 addition, LBg for this node is equal to the lower bound on

station number of its source node, i.e.node 1. So, LBg for this node is 5.

5
LBr=5+ As= LBr=25
£=2

LBc = L*LBs+LBr=> LBc =275

We assign task 2 to the first stage with its equipment. The related calculations are

as follows:

Stime,=1, Vy={1,2} , PS={1,2} , Fultim;=5 , TC=60 , EC;=10
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The third level of the branch and bound tree is as follows:

Open a n‘é‘stag(@ ?tparaﬂel stations

Because there is no fitable task for stage 1, we both consider opening a new stage
or adding parallel stations to stage 1 simultaneously. The tasks with no unassigned
predecessors are 3 and 5. Node 3 and node 4 represent tasks 3 and 5, respectively.
Both of them are Type III additions. Because the processing time of task 3 is
greater than the cycle time, a new stage is begun with 2 stations. Accumulated cost

and lower bound calculations for node 3 are as follows:

DE3=A1*P—3—|:>DE3=5*2:>DE3= 10

c

ACs = TC+L*[21+DE3:AC3= 60+50*%2+10=> ACs =170
c

6
th
IBs=1+|2|=LBs=5
C

LBt = 10+P—31*20:> LBr =50
c

LBc =50*5+50= LBc =300
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Accumulated cost and lower bound calculations for node 4 are as follows:

DE4=A£*[E]:>DE4=5
C

ACs=60+50%1+5=115
6
N

[Bs=1+|2|=1LBs=5
C

LBr=10+1*%20= LBr=30
LBc =50%5+30= LBc =280

Nodes 5 and 6 represent the assignment of tasks 3 and 5, respectively. But this
time, both of them are Type II additions. When task 3 is assigned to stage 1, 2
parallel stations are added to the stage. Accumulated cost and lower bound
calculations for node S are as follows:

DE; = 5*[Fult1mk+t3_’ _ 15

c
ACs=60+50*2+10*2+15=> ACs =195
IBs=14+2=1Bs=3
LBr=10+20+45= LBr=175

LBc =50%3+75= 225

When task 5 is assigned to stage 1, 1 parallel station is added to this stage.
Accumulated cost and lower bound calculations for node 6 are as follows:

DEs = 0, since the equipment required by task 5 is available at stage 1.

ACs = 60+50+10=> ACs =120
ILBs=1+1=1LBs=2
LBr=10+10+30= LBr =50
LBc =50%2+50=150
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If the nodes are sorted in increasing order of ACy , the branch and bound tree

becomes as follows:

©) ®

So, the decision given in third level is that begin a new stage and assign task 5 to

this stage.

The nodes are generated through the algorithm in the same manner. After

searching all nodes, the optimal solution is reached.
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CHAPTER 5

COMPUTATIONAL RESULTS

We have experimented with our branch and bound algorithm to investigate the
effects of changing certain parameter values on some performance measures. We
have also compared our algorithm with the heuristic of Askin and Zhou (1997) in
terms of total cost. In this chapter, we first define our performance measures,
followed in section 5.2 by a description of experimental parameters and generation
of test problems. Pilot run results are given in section 5.3, and production run

results are discussed in section 5.4.

5.1 PERFORMANCE MEASURES

In evaluating our branch and bound algorithm, we use five performance measures.
Both average and maximum (worst case) values are calculated for each measure.
These performance measures are as follows:

1. CPU Time: This is a measure of running (or elapsed) time of the algorithm.
CPU time is given in minutes.

2. Total Number of Nodes Generated: This measures the size of the branch and
bound tree.

3. Total Number of Nodes Generated Until Reaching The Optimal Solution: This
measure tells us how soon the optimal solution is reached and gives an idea about
the efficiency of lower bound values.

4. Total Cost: This is the optimal total cost required to balance the line including

both total station opening cost and total equipment cost.
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5. Percentage Deviation of the Optimal Solution from Heuristic Solution in Terms
of Total Cost: This measure will be referred to as “Percentage Deviation”
thereafter. It enables us to compare Askin and Zhou’ s heuristic method with our

algorithm. Percentage deviation is calculated as follows:

Total Cost (found by heuristic) - Optimal Total Cost
Optimal Total Cost

Percentage Deviation =

5.2 EXPERIMENTAL PARAMETERS AND PROBLEM GENERATION

In order to measure the efficiency of our algorithms, randomly problems are
generated and solved. The characteristics used in problem generation are based on
an examination of similar studies available in the literature. Most of these
characteristics also used to set the experimental parameters we have used in this

study. Details of problem characteristics are as follows:

1. Problem Size: Assembly networks are randomly generated for different
numbers of tasks. Number of tasks is set to 10, 15, 20, 25, 30, 35, 40, 50, 60,

and to 70 in one case.

2. Distribution of task times: In most studies, uniform distribution is used for
generating task times. Hence, we set the task times to uniformly distributed

values between 10 and 100.

3. Cyc]e time: Three values are considered for cycle time. These are maxPT,
1.4*maxPT and 1.8*maxPT where maxPT represents maximum task time in an

assembly network.
4. Flexibility Ratio (FR): This ratio affects the number of alternative production

lines that may be established with the same set of tasks. The values of FR close

to O indicate a highly interconnected network, and the values of FR close to 1
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indicate a more flexible network with fewer precedence relations. In our study,

FR values 0of 0.2, 0.5 and 0.8 are used for problem generation.

Cost structure: The changes in cost structure can be reflected by the ratio of
L/A.. This ratio is set to 30/30 and 30/1. When L/ A: equals to 30/30, this
means that equipment cost is comparable to station opening cost. With this
setting, the problem becomes a simultaneous optimization problem, i.e. both
station opening and equipment costs must be optimized simultaneously. When
L/A: is 30/1, equipment cost is much lower relative to station opening cost.
Hence, hierarchical optimization is aimed with this setting, i.e. first station
opening cost is optimized, followed by equipment cost. Station opening cost is
fixed at $30000. Average equipment cost for all types of equipment is either
$30000 or $1000 according to L/ A: ratio.

Task equipment types: The total number equipment types are generated from
discrete uniform distribution between 1 and the number of tasks. If the total
number of equipment types generated for a particular assembly network is
represented by D as in the mathematical formulation, then the type of
equipment required by any task in the network is distributed as discrete

uniform between 1 and D.

Several methods for generating a precedence-ordering relation on a set of tasks can

be devised, each resulting in the same problem density. It will be useful to explain

the partial-order generating method that we have used to generate precedence-

ordering relations.

As explained before, an assembly network can be represented by a precedence

matrix that indicates the precedence relations. Each cell above the diagonal has a

value of 0 or 1. If task i precedes task j, then the value of respective cell is 1.

Otherwise, it is 0. Our method uses this precedence matrix to generate networks

with desired F-ratio. First of all, the number of zeros in the precedence matrix is

calculated by the following expression where N is the number of tasks:
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Desired FR*N*(N-1)
2

number of zeros =

As we know, there are N*(N-1)/2 cells above the diagonal. Let us show this
quantity by NC. After finding the total number of zeros, the value of NC is
calculated, and all the cells above the diagonal beginning with the first entry are
numbered between 1 and NC sequentially. A simple example of a precedence

matrix with 4 tasks is shown below after numbering of the cells.

1 2 3 4
1{- 1 2 3
2 - 4 5
3 - 6
4 -

Then, a random number is generated from discrete uniform distribution between 1
and NC, and a 0 is placed in the cell having the same cell number as this. After this
first entry, since there are NC-1 cells with no entries, these cells are renumbered
between 1 and NC-1 in the same manner. For example, if the random number
generated between 1 and 6 is 4 for the above precedence matrix, the new form of

the precedence matrix will be as follows:

T R IO Y N

N (98] N p—
1

This time, a random number is generated between 1 and NC-1 and a O is placed
into the cell having the same value as this random variate. This random variate

generation and renumbering procedure continues until the required number of
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zeros in the precedence matrix is reached. Then, 1 is entered into all remaining

cells above the diagonal, and thus a random network is constructed.

Among the networks we have generated randomly, most have the same FR as the
desired FR. Only a few of them show little differences. Those are the ones with
problem sizes equal to 10, 15, 30, 35 and 50 when FR ratios for those cases are
found to be 0.49.

Main experimental parameters used in this study are the number of tasks, cycle
time, FR and cost structure. The effects of changing these parameters on the
performance measures are investigated. Once a random problem is generated,
values of the remaining parameters are fixed, and kept at the same value during the
runs. These parameters are task times, required type of equipment for each task,

and precedence relations.

Ten problems are randomly generated for each combination of L/A., FR and
number of tasks. The same problem is solved with each cycle time level. Each
problem is firstly solved by the modified heuristic of Askin and Zhou (1997) with
HUmax €quals to 0.5 and m equals to 0.85 and then by our algorithm. In both
algorithms, maximum three-level station paralleling is allowed for each problem as
will be explained in section 5.3. If optimal solution cannot be found by the branch
and bound algorithm within 180 minutes time limit, the program is terminated with
the best solution found thus far. The problems are solved on computers with 550
MHz Pentium III processor and 64-MB memory. All programs are coded in

Microsoft Fortran Powerstation version.
5.3 PILOT RUNS
A number of problems whose optimal solutions are known are taken from the open

literature. At the internet address  Attp:\\www.bwl. tu-darmstadt.de/
bwi3/forsch/projekte/alb, Armin Scholl and Robert Klein present benchmark data
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sets for SALB. Hence, we have used the problems taken from this source to test

our program,
The problems solved have different characteristics. The number of tasks varies

between 7 and 53. Each problem set is named with the name of the author who

used it. The characteristics of each problem are given in Table 5.1.

Table 5.1 Characteristics of the test problems

Name [# of tasks Min., Max. Order
task time task time Strength

Bowman 8 3 17 75.00
Buxey 29 1 25 50.74
Gunther 35 1 40 59.50
Hahn 53 40 1775 83.82
Heskiaoff 28 1 108 22.49
Jackson 11 1 7 58.18
Jaeschke 9 1 6 83.33
Kilbridge 45 3 55 44.55
Lutz1 32 100 1400 83.47
Mansoor 11 2 45 60.00
Mertens 7 1 6 52.38
Mitchell 21 1 13 70.95
Roszieg 25 1 13 71.67
Sawyer 30 1 25 44.83

As these problems are SALB, paralleling of stations is not allowed. Hence, we
have not allowed station paralleling when solving these problems. The optimal
solution of each problem represents the minimum number of workstations required
to balance the line. No equipment is considered in any of the original problems.
We assume 3 types of equipment for each problem. The equipment is assigned to
tasks in such a manner that the task with number 1 requires tooling type 1, the
second task requires tooling type 2, the third task requires tooling type 3, and after
that the equipment type cycles. Station opening cost is set to 100 and average

equipment cost is set to 10.
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Optimal solutions of the test problems with different cycle time values are given in
Appendix A. We have found the same optimal solutions with our branch and

bound algorithm.

We have also made some pilot runs to decide on the maximum level of paralleling.
For number of tasks 10 and 15, randomly generated ten problems were solved with
maximum level of paralleling 2, 3 and 4. Afier these runs it has been seen that,
although total number of nodes generated increases drastically, four parallel
stations are opened very rarely. Therefore, we have fixed maximum level of

paralleling as three.

5.4 DISCUSSION OF RESULTS

5.4.1 Effects of Experimental Parameters

Our results concerning the effects of experimental parameters are summarized in
Tables 5.2-5.7 for different combinations of L/ A: and FR. In the tables, average
and maximum values over ten problems are given for our performance measures.
Opt.Nodes/Total Nodes gives the ratio of number of nodes generated in branch and
bound algorithm until optimal solution is found to the total number of nodes

generated until the algorithm stops.

In Table 5.2, when L/ A¢ is 30/30 and FR is 0.2, average and maximum values of
performance measures are given for different problem sizes (N) and cycle times
(CT). Increasing CT decreases the average and maximum values of number of
nodes, CPU time and total cost. When CT is increased, more tasks can be assigned
to a station, and a balance can be achieved with fewer stations and therefore with
lower total cost. Since increasing the cycle time yields more efficient lower bound
values, more nodes are fathomed. Consequently, fewer nodes are generated and

less CPU time is required to reach the optimal solution.
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When cycle time is kept constant, increasing the number of tasks yields an
increase in the total cost. It is expected that, when N is increased for a fixed value
of CT, the number of nodes increases and more CPU time is spent to reach the
optimal solution. However, it is interesting that an increase in N does not always
yield an increase in the number of nodes and CPU time as seen in Table 5.2. Only
when the difference between two N values is high, the increase in number of nodes
and CPU time becomes obvious. The same is not true for close N values. For
example when CT is maxPT, increasing N from 30 to 35 results in a decrease in
the average number of nodes and in the average CPU time. This can only be

explained as a random effect.

As seen in Table 5.2, an extreme case is observed when N is 40 and CT is maxPT.
Among ten problems that are solved at this combination, problem 8 shows a very
large difference from the others in terms of the CPU time and the number of
nodes. When N is 70, we encounter with another extreme case. Problem 6 gives
very different solutions when CT is 1.4*maxPT and 1.8*maxPT, yielding
uncharacteristically large average and maximum values. Treating these as outliers,
the results of these problems are disregarded when calculating the average and
maximum values of performance measures in the upper rows. The original average
and maximum values of performance measures including the outlier problems are

given at the bottom of the table with highlighted N values of 40 and 70.

Table 5.3 shows the average and maximum values of performance measures for
different values of N and CT when L/ A, is 30/30 and FR is 0.5. The effects of
increasing CT and N are similar to those observed in Table 5.2. When Table 5.2
and Table 5.3 are compared for the same values of L/As, CT and N, as FR is
increased from 0.2 to 0.5, the number of nodes and the CPU time increase, but
total cost decreases. When FR is increased, i.e. when there are fewer precedence
relations, the assembly line becomes more flexible and the number of candidate
tasks for a station increases. This causes generation of more nodes, and more CPU

time is required to reach the optimal solution. As a result, we were not able to
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solve problems of size 60 and 70 when FR is 0.5. However, since the assembly

line is more flexible, a better balance with less total cost is obtained.

Table 5.4 shows the values of performance measures for different values of N and
CT when L/ A is 30/30 and FR is 0.8. Again, increasing CT decreases the number
of nodes, CPU time and total cost. When N equals to 20, we encounter with
another extreme case. Problem 9 gives very different solutions from the others for
each value of CT in terms of the CPU time and the number of nodes. Therefore,
we disregard problem 9 when calculating the average and maximum values of
performance measures in the upper row. Original values of performance measures

including the results of problem 9 are shown at the bottom of the table.

When FR is 0.8, increasing the number of tasks causes a sharper increase in the
number of nodes generated and the CPU time. This is an important result for us
since, with FRs 0.2 and 0.5, we have not seen such sharp increases in the number
of nodes as N increases. Hence, we can conclude that for highly flexible lines,
when equipment cost is comparable to station opening cost, increasing the number
of tasks makes the problem more difficult. As a result, we were able to solve

problems of size up to 30 when FR is 0.8.

The results obtained when L/ A¢ is 30/1 are summarized in Tables 5.5, 5.6 and 5.7
for FR values of 0.2, 0.5 and 0.8. We have another extreme case (problem 9) in
Table 5.7. The effects of increasing CT, increasing N, and changing FR are similar
to those observed with L/A: is 30/30. Comparing Tables 5.2-5.4 and 5.5-5.7
respectively, we see that there is a significant reduction in the total cost when

L/ A: is 30/1 because the equipment cost is decreased from 30000 to 1000.

The results show that the most important parameter affecting the values of
performance measures is the FR. When the other parameters are kept constant and
only the FR is increased, the number of nodes and CPU time increase

exponentially. This exponential increase is more obvious for N>20. Since a
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balance can be achieved with fewer stations in more flexible lines, increasing the

FR decreases the total cost.

Because ALB problems are NP hard, a very long CPU time is required to find the
optimal solution for more flexible lines with large number of tasks. Therefore, as
the problem size increases, the three-hour limit starts to take effect and the run
terminates itself after 180 minutes with the best solution found until this time.
Table 5.8 gives the values of parameters for which the optimal solution is found

within three hours for all ten problems.

Table 5.8 Experimental conditions for which the optimal solution is found

within three hours

L/ 4z FR N CT (*maxPT)
30/30 0.2 70 14,18
0.5 50 1.8
0.8 30 1.8
30/1 0.2 60 1.4,1.8
0.5 50 1.8
0.8 25 1.4,1.8

Opt.Nodes/Total Nodes ratio in Tables 5.2-5.7 indicates how early in the search
process the optimal solution is found. When L/A. is 30/30 and FR is 0.2,
maximum ratio is 1.00 and maximum average ratio is 0.33. This implies that
among the problems solved under this combination, optimal solution is found after
searching at most 33% of the branch and bound tree on the average. Maximum
ratio and maximum average ratio are 0.88 and 0.38 for FR 0.5, 0.97 and 0.43 for
FR 0.8.

68



When L/ A: is 30/1 and FR is 0.2, maximum ratio is 1.00 and maximum average
ratio is 0.69 which implies that an optimal solution is found after searching at most
69% of the branch and bound tree on the average. When FRs are 0.5 and 0.8, the
maximum ratio and maximum average ratio are 1.00 and 0.65, 1.00 and 0.58,

respectively.

If the tables are carefully examined it is seen that most of the average ratios are
smaller than 0.50. This means that the optimal solution for most of the problems
can be found before 50% of the branch and bound tree is searched on the average.
Hence, we can say that the depth-first search with complete branching strategy
well fits our problem. Because of this we believe that our algorithm is capable of

finding optimal solutions within three hours even for larger problems.

5.4.2 Comparison with Askin and Zhou’ s Heuristic

As far as the total cost is concerned, the branch and bound algorithm brings a
significant improvement over the heuristic of Askin and Zhou (1997) for most
parameter values. The percentage deviations in total cost by the branch and bound
algorithm compared to their heuristic are given in Tables 5.9 and 5.10 when L/ A,
is 30/30 and 30/1.

When L/ A: is 30/30, reduction in total cost by the branch and bound algorithm is
2-13%, 4-12%, 6-23% for FRs 0.2, 0.5 and 0.8. The same values are 1-5%, 3-6%,
4-11% when L/ A, is 30/1. It seems Askin and Zhou’ s heuristic does relatively
better with low FRs and low equipment cost (when L/ A, is 30/1). Using the exact
branch and bound procedure brings more substantial savings when flexibility is

high and when equipment cost is comparable to station opening cost.
Maximum improvement over the heuristic of Askin and Zhou (1997) varies in

ranges 10-30%, 8-31% and 14-57% with three FRs when L/ A. is 30/30. When
L/A: is 30/1, the same ranges are 2-14%, 7-22% and 10-24%. It seems their
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Table 5.9 Results of Percentage Deviation for L/ A, =30/30

% Deviation for % Deviation for % Deviation for
FR=0.2 FR=0.5 FR=0.8
N CT(*maxPT) Avg. Max. Avg. Max. Avg. Max.
10 1 5 18 7 17 6 20
14 5 10 8 29 13 20
1.8 3 15 7 27 20 28
15 1 9 30 7 15 14 20
1.4 11 24 11 31 15 31
1.8 7 29 6 14 22 40
20 1 7 14 6 14 11 19
1.4 13 30 12 30 20 40
1.8 3 13 11 24 21 35
25 1 5 18 7 17 6 20
14 5 10 8 29 13 20
1.8 3 15 7 27 20 28
30 1 8 14 6 16 7 14
1.4 6 18 8 21 23 39
1.8 3 12 10 18 32 57
35 1 6 13 7 11
14 7 13 7 12
1.8 5 13 5 10
40 1 9 21 5 12
14 7 15 10 22
1.8 2 7 6 11
50 1 8 15 4 1
14 8 13 6 14
1.8 2 6 5 8
60 1 8 14
1.4 6 15
1.8 2 7
70 1 7 12
14 6 11
1.8 3 7
% Deviation
N&FR | CT(*maxPT) Avg. Max.
1 10 19
14 21 40
1.8 20 35
1 9 21
14 7 1
1.8 4 9
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Table 5.10 Results of Percentage Deviation for L/ A, =30/1

% Deviation for % Deviation for % Deviation for
FR=0.2 FR=0.5 FR=0.8
N CT(*maxPT) Avg. Max. Avg. Max. Avg. Max.
10 1 4 14 4 1 6 12
14 4 11 3 10 7 13
1.8 5 11 5 12 9 15
15 1 5 12 5 13 6 12
14 4 14 5 16 10 16
1.8 1 2 5 22 5 24
20 1 4 9 4 10 5 10
1.4 3 9 5 10 7 16
1.8 3 14 6 15 6 16
25 1 4 14 4 11 6 12
1.4 4 11 3 10 7 13
1.8 5 11 5 12 9 15
30 1 4 9 3 7 4 7
1.4 3 7 5 9 7 11
1.8 5 11 6 13 11 14
35 1 6 11 5 12
1.4 1 3 4 8
1.8 4 10 5 10
40 1 3 7 5 11
14 5 10 5 8
1.8 3 10 4 10
50 1 4 7 4 7
14 2 5 4 7
1.8 4 6 5 10
60 1 4 7
14 4 7
1.8 4 7
% Deviation
N&FR | CT(*maxPT) Avg. Max.
1 5 10
1.4 7 16
1.8 5 16

71




heuristic also becomes less consistent in solution quality as FR increases and as
L/A: is changed from 30/1 to 30/30. Detailed information about frequency

distributions is given in Appendix B.

The other two parameters, N and CT, do not seem to have any systematic effects

on the solution quality.

When branch and bound algorithm and their heuristic are compared in terms of the
CPU time, the heuristic procedure finds a solution in less than 1 second in all
problems for each combination of parameters. The CPU time of branch and bound
algorithm is measured in minutes and increases drastically as the problem size
becomes larger. For more flexible lines, the gap between computation times of the
heuristic procedure and the branch and bound procedure is also very large. The
heuristic clearly outperforms the branch and bound algorithm in terms of

computation time.

5.4.3 Station Paralleling

Tables 5.11-5.12 show the average and maximum number of stations opened in the
branch and bound solutions. Changes in cost structure affect the number of
stations. When L/A: is 30/30, the number of paralle]l stations is rather small.

When L/ A: is 30/1, more stations are paralleled.

From these tables, we can draw a conclusion about the effect of cost structure on
the number of stations and station paralleling. When equipment cost is much lower
relative to station opening cost (i.e. L/ A, is 30/1), paralleling of stations does not
cause considerable increase in cost due to equipment duplication. In this case more
stations are paralleled and a balance with fewer stations is obtained. However,
when equipment cost is comparable to station opening cost (i.e. L/ A¢ is 30/30), a

longer line with larger number of serial stations is obtained.
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Table 5.11 Number of Stations When L/ A, =30/30

# of Stations

# of Stations

# of Stations

Level of for FR=0.2 for FR=0.5 for FR=0.8
N _|CT(*maxPT)| Paralleling | Avg. | Max. | Avg. | Max. | Avg. | Max.
10 1 1 6.8 10 6.3 9 5.6 98
2 0.1 1 0.2 1 0.0 0
3 0.2 1 0.2 1 0.4 2
1.4 1 4.8 8 5 6 4.0 5
2 0.2 1 0.3 1 0.5 1
3 0.1 1 0 0 0.0 0
1.8 1 4.3 5 3.8 5 4.0 5
2 0 0 0.1 1 0.0 0
3 0 0 0 0 0.0 0
15 1 1 9.9 15 9.2 13 8.9 13
2 0.6 2 0.5 2 0.5 2
3 0 0 0.1 1 0.1 1
1.4 1 8.5 9 6.9 8 6.8 8
2 0.6 2 0.4 1 0.3 2
3 0.1 1 0 0 0.0 0
1.8 1 56 7 5.6 7 5.1 7
2 0.2 1 0 0 0.2 1
3 0 0 0 0 0.0 0
20 1 1 15.1 19 13.3 18 11.4 17
2 0.1 1 0.1 1 0.3 1
3 0.1 1 0.2 2 0.3 2
1.4 1 8.6 12 8 12 8.7 11
2 0.4 3 0.9 3 0.3 2
3 0.4 2 0.1 1 0.1 1
1.8 1 6.7 10 7.7 10 6.4 9
2 0.3 2 0 0 0.1 1
3 0.2 1 0 0 0.1 1
25 1 1 18.2 22 17.2 20 16.5 19
2 0.2 2 0.3 3 0.2 2
3 0 0 0 0 0 0]
1.4 1 12.9 16 12.7 15 12 14
2 0.2 1 0.3 2 0 0
3 0.1 1 0 0 0 0
1.8 1 8.9 11 9.6 12 8.9 10
2 0.1 1 0.1 1 0.1 1
3 0.2 2 0 0 0 0
30 1 1 22.3 25 21.2 25 17.9 23
2 0.2 2 0.3 3 0.9 3
3 0 0 0 0 0.1 1
1.4 1 15.4 18 14.1 17 12.7 15
2 0.3 1 0.7 3 0.8 2
3 0.1 1 0 0 0 0
1.8 1 11.3 14 1.1 12 10.7 12
2 0.3 2 0.1 1 0.1 1
3 0 0 0 0 0 0
35 1 1 26.2 30 25.7 31
2 0.1 1 0.1 1
3 0 0 0 0
1.4 1 19.7 24 18.3 21
2 0.1 1 0.1 1
3 0 0 0 0
1.8 1 14 16 13.3 15
2 0 0 0.1 1
3 0 0 0 0




Table 5.11 Number of Stations When L/ A, =30/30 (Cont.)

# of Stations

# of Stations

Level of # of Stations
N&FR|CT(*maxPT)| Paralleling | Avg. Max.
1 1 10.8 17
2 0.6 3
3 0.4 2
1.4 1 8.1 11
2 0.5 2
3 0.2 1
1.8 1 6.6 9
2 0.1 1
3 0.1 1
1 1 28.9 37
2 0.5 3
3 0.2 2
1.4 1 35.7 41
2 0.6 5
3 0.1 1
1.8 1 26.1 29
2 0.3 3
3 0 0
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Level of for FR=0.2 for FR=0.5
N CT(*maxPT)| Paralleling | Avg. Max. Avg. Max.
40 1 1 30.6 37 27.3 35
2 0.2 1 0.2 1
3 0 0 0.3 3
1.4 1 20.5 27 19.1 26
2 0.2 1 0.7 4
3 0.3 3 0.1 1
1.8 1 15 18 14.4 17
2 0.1 1 0.2 1
3 0.1 1 0.1 1
50 1 1 37.6 41 354 40
2 0 0 0.2 1
3 0 0 0 0
1.4 1 27.5 31 25.6 29
2 0.1 1 0.1 1
3 o] 0 0 0
1.8 1 19.5 22 18.86 21
2 0 0 o} 0
3 0 0 0 o
60 1 1 44.6 48
2 0 0
3 0 0
1.4 1 32.7 36
2 0.1 1
3 0 0
1.8 1 23 25
2 0.1 1
3 0 0
70 1 1 50.8 57
2 0.5 5
3 0.1 1
1.4 1 37.4 41
2 0.1 1
3 0 0
1.8 1 26.9 29
2 0 0
3 0 0




Table 5.12 Number of Stations When L/A.=30/1

# of Stations # of Stations # of Stations
Level of for FR=0.2 for FR=0.5 for FR=0.8

N |CT(*maxPT)| Paralleling | Avg. | Max. | Avg. | Max. | Avg. | Max.
10 1 1 3.5 6 3.9 6 4.5 8
2 0.7 2 0.7 2 0.1 1
3 0.6 1 0.4 1 0.6 2
1.4 1 1.9 3 1.9 3 3.0 5
2 0.7 2 1.3 2 0.9 2
3 0.5 1 0.1 1 0.0 0
1.8 1 2 5 2.7 5 3.4 5
2 0.6 2 0.4 1 0.2 1
3 0.2 1 0.1 1 0.0 0
15 1 1 43 10 4.4 7 53 7
2 1.1 3 1.1 2 1.4 3
3 1 2 0.9 2 0.4 1
1.4 1 3 4 3.2 5 3.5 6
2 1.5 2 1.2 2 1.1 3
3 0.3 1 0.4 1 0.3 2
1.8 1 3.6 6 4.3 6 4.3 6
2 0.9 2 0.5 2 ‘0.5 2
3 0 0 0 0 0.0 0
20 1 1 6.1 12 7.5 13 7.9 11
2 2.2 5 1.5 4 1.1 2
3 0.8 1 0.7 2 0.7 3
1.4 1 3.8 7 3.4 6 5.6 9
2 1.3 3 1.7 4 1.2 3
3 0.9 2 0.7 2 0.2 1
1.8 1 2.6 4 4.7 8 6.2 8
2 1.4 3 0.8 3 0.1 1
3 0.5 1 0.2 1 0.1 1
25 1 1 7.7 19 7.6 15 7.5 14
2 2.5 5 2.7 5 2.4 5
3 1 3 0.8 3 0.9 3
1.4 1 4.6 8 5.1 9 8.1 10
2 2.3 4 24 5 1.4 3
3 0.6 2 0.4 2 0 0
1.8 1 4.3 10 55 9 7.7 9
2 1.3 3 0.8 3 0.2 1
3 0.6 2 0.5 2 0.1 1
30 1 1 9.3 19 9.6 16 9.6 15
2 2.8 5 3 6 2.4 5
3 1.4 4 1 2 1.3 3
1.4 1 4.6 8 37 7 9.6 13
2 2.7 5 3.6 5 1.4 3
3 1.1 2 0.7 2 0.2 1
1.8 1 4.7 9 4.4 7 9.4 11
2 2.1 4 2.2 3 0.3 1
3 0.5 2 0.4 1 0 0
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Table 5.12 Number of Stations When L/A.=30/1 (Cont.)

# of Stations # of Stations
Level of for FR=0.2 for FR=0.5
N | CT(*maxPT)| Paralleling | Avg. | Max. | Avg. | Max.
35 1 1 9.3 19 9.3 11
2 3.3 7 4.3 7
3 2.1 5 1.3 3
1.4 1 6.8 11 8.5 13
2 36 6 3.1 4
3 0.6 1 0.3 2
1.8 1 7.5 13 7.5 11
2 2.1 4 2 6
3 0.2 1 0.2 1
40 1 1 9.5 19 10.5 16
2 4.9 7 4.9 8
3 2 5 1.5 4
1.4 1 53 10 7.8 13
2 3.9 5 4.1 6
3 1.5 3 0.5 2
1.8 1 7 12 7.5 12
2 25 4 2.4 5
3 0.6 2 0.4 1
50 1 1 13.1 20 14.6 20
2 6 8 52 8
3 2 5 1.9 4
1.4 1 6.5 12 9.5 14
2 6.2 8 5 7
3 1 2 0.7 2
1.8 1 7.2 14 10.9 17
2 4 7 2.7 5
3 0.6 2 0.2 2
60 1 1 16.9 27
2 5.8 8
3 2.9 6
1.4 1 6.7 11
2 7 9
3 1.7 3
1.8 1 10 16
2 45 6
3 0.4 1
Level of # of Stations
CT(*maxPT) | Paralleling | Avg. | Max.
1 1 7.6 11
2 1.3 3
3 0.7 3
1.4 1 53 9
2 1.3 3
3 0.3 1
1.8 1 6.2 8
2 0.2 1
3 0.1 1

76




CHAPTER 6

CONCLUSIONS

In this study, we develop an exact algorithm for single model deterministic ALB
problem with station paralleling. We aim to minimize a function of number of
workstations and total equipment cost. We propose a branch and bound algorithm
that allows arbitrary level of paralleling, of each stage. We propose some lower
and upper bounding mechanisms to enhance the efficiency of the algorithm. To the

best our knowledge, our study is the first optimization attempt to this problem.

We conduct a computational study to see the effects of some parameters on the
performance measures. We examine the effects of problem size, cycle time, cost
structure and Flexibility ratio on the CPU time and the total number of nodes
generated. The performance of the Askin and Zhou (1997) heuristic solution as a
percentage deviation from the optimal solution is also analyzed. The main

conclusions can be summarized as follows:

For all performance measures, the most significant parameter is the Flexibility
ratio,FR. Increasing FR value while keeping the other parameters constant,
increases the total number of nodes and CPU time exponentially. The exponential
nature of increase becomes clearer for problem sizes greater than or equal to 20.
As a balance can be achieved with fewer stations in more flexible lines, increasing

the FR decreases the total cost.

Because our problem is NP hard, it requires long time to reach the optimal

solution. For each problem we set maximum run time as three hours. The run
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terminates itself after three hours with the best solution found until this time. For
different FR and L/A: values we determine the limit on problem size that the
optimal solution is found within three hours. When FR value is increased, it is seen
that problem size for which the optimal solution is found within three hours

decreases. ‘

When Opt.Nodes/Total Nodes ratio is considered, it is seen that for each
combination of parameter values, most of the average ratios are smaller than 0.50.
This indicates that for most of the problems, the optimal solution can be found
after searching only half of the branch and bound tree on the average. So, we can
say that the depth-first search with complete branching strategy well fits our

problem, and our lower bounds are good estimates of the optimal cost.

When we compare the heuristic of Askin and Zhou (1997) with our branch and
bound algorithm, we see that using the exact procedure brings more substantial
savings when flexibility is high and when equipment cost is comparable to station
opening cost. Also, the heuristic becomes less consistent in solution quality as FR

increases and as L/ A¢ is changed from 30/1 to 30/30.

If we examine the effect of cost structure on the number of stations and station
paralleling, it is seen that when equipment cost is much lower relative to station
opening cost, more stations are paralleled and a balance with fewer stations is
obtained. The reason for this can be explained as the paralleling of stations does
not cause considerable increase in cost due to equipment duplication. But when
equipment cost is comparable to station opening cost, a longer line with larger

number of serial stations is obtained.

Our algorithm can also be used in mixed model assembly line balancing after

forming the combined precedence diagram.

Although there are two types of paralleling, i.e. task paralleling and station

paralleling, there is not any comparison studies between these types in literature. A
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comparison study between these types of paralleling can be made in terms of cost

optimization.

Further research directions might include:

* Heuristic procedures that are capable of solving problems of larger sizes, for
example metaheuristics.

e Generation of all efficient solutions relative to number of workstations and
total cost.

e Stochastic task times and/or cycle time.

79



REFERENCES

Arcus, A.L., 1966. ‘COMSOAL: A computer method of sequencing operations for
assembly lines’, International Journal of Production Research, 4, 259-277.

Askin, R. G. and Standridge, C. H., 1993. Modelling and Analysis of
Manufacturing Systems, John Wiley & Sons, New York.

Askin, R. G. and Zhou, M., 1997. ‘A parallel station heuristic for the mixed model
production line balancing problem’, International Journal of Production Research,
35 (11), 3095-3105.

Bard, J. F., 1989. ‘Assembly line balancing with parallel workstations and dead
time’, International Journal of Production Research, 27 (6), 1005-1018.

Baybars, 1., 1986. ‘A survey of exact algorithms for the simple assembly line
balancing problem’, Management Science, 32 (8), 909-932.

Berger, L., Bourjolly, J. M. and Laporte, G., 1992. ‘Branch-and-bound algorithms
for the multi-product assembly line balancing problem’, European Journal of

Operational Research, 58, 215-222.

Buxey, G. M., 1974. ‘Assembly line balancing with multiple stations’,
Management Science, 20 (6), 1010-1021.

Chakravarty, A. K. and Shtub, A., 1985. ‘Balancing mixed model lines with in-

process inventories’, Management Science, 31 (9), 1161-1174.

80



Erel, E. and Sarin, S. C, 1998. ‘A survey of the assembly line balancing
procedures’, Production Planning & Control, 9 (5), 414-434.

Fokkert, J. 1. Z. and de Kok, T.G., 1997. ‘The mixed and multi-model line
balancing problem: A comparison’, European Journal of Operational Research,
100, 399-412.

Ghosh, S., and Gagnon, R. J., 1989. ‘A comprehensive literature review and
analysis of the design, balancing and scheduling of the assembly systems’,

International Journal of Management Science, 27 (4), 637-670.

Gokgen, H., 1997. ‘Montaj hatt1 etkinliginin parallel istasyonlarla artirilmasi: Bir
sezgisel yontem’, Gazi Univ. Fen Bil. Enst. Dergisi, 10 (3), 433-442.

Gokgen, H. and Erel, E., 1997. ‘Binary integer formulation for mixed-model
assembly line balancing problem’, Computers and Industrial Engineering, 34 (2),
451-461.

Hackman, S. T., Magazine, M. J. and Wee, T. S., 1989. ‘Fast, effective algorithms
for simple assembly line balancing problems’, Operations Research, 37 (6), 916-
024.

Hax, A. C. and Candea, D., 1984. Production and Inventory Moanagement,
Prentice-Hall, Inc., Englewood Cliffs, New Jersey.

Helgeson, W. P. and Birnie, D. P., 1961. ‘Assembly line balancing using the
ranked positional weight technique’, Journal of Industrial Engineering, 12 (6),
394-398.

Hoffman, T. R, 1963. ‘Assembly line balancing with a precedence matrix’,

Management Science, 9, 551-562.

81



Hoffman, T. R., 1992, ‘EUREKA: A hybrid system for assembly line balancing’,
Management Science, 38, 39-47.

Jackson, J. R., 1956. ‘A computing procedure for a line balancing problem’,
Management Science, 2, 261-271.

Johnson, R. V., 1988. ‘Optimally balancing large assembly lines with FABLE’,
Management Science, 34 (2), 240-253.

Kilbridge, M. D. and Wester, L., 1961. ‘A heuristic method of assembly line
balancing’, Journal of Industrial Engineering, 12, 292-298.

Klein, R. and Scholl, A., 1996. ‘Maximizing the production rate in simple
assembly line balancing — A branch-and-bound procedure’, European Journal of
Operational Research, 62, 367-385.

Macaskill, J. L. C., 1972. ‘Production line balances for mixed model lines’,
Management Science, 19 (4), 423-434.

McMullen, P. R. and Frazier, G. U., 1998. ‘Using simulated annealing to solve a
multiobjective assembly line balancing problem with parallel workstations’,

International Journal of Production Research, 36 (10), 2717-2741.

Miltenburg, G. J. and Wijngaard, J., 1994. ‘The U-line balancing problem’,
Management Science, 40 (10), 1378-1388.

Monden, Y., 1983. Toyota Production System, Institute of Industrial Engineers,
Atlanta.

82



Moodie, C. L. and Young, H. H., 1965. ‘A heuristic method of assembly line
balancing for assumptions of constant or variable work element times’, Journal of
Industrial Engineering, 16, 23-29.

Patterson, J. H. and Albracht, J. J., 1975. ‘Assembly Line Balancing: 0-1
programming with Fibonacci Search’, Operations Research, 23, 166-174.

Ponnambalom, S. G., Aravindan, P., and Naidu, G. M., 1999. ‘A comperative
evaluation of assembly line balancing heuristics’, Infernational Journal of

Advanced Manufacturing Technology, 15, 577-586.

Salveson, M. E., 1955. ‘The assembly line balancing problem’, Journal of
Industrial Engineering, 6, 18-25.

Sarker, B. R. and Shanthikumar, J. G., 1983. ‘A generalized approach for serial or
parallel line balancing’, International Journal of Production Research, 21 (1),

109-133.

Scholl, A. and Klein, R., 1997. ‘SALOME: A bidirectional branch-and-bound
procedure for assembly line balancing’, INFORMS Journal on Computing, 9, 319-
334,

Scholl, A. and Klein, R, 1999. ‘Balancing assembly lines effectively-A
computational comparison’, European Journal of Operational Research, 114, 50-
58.

Sprecher, A., 1999. ‘A competitive branch-and-bound algorithm for the simple
assembly line balancing problem’, International Journal of Production Research,
37 (8), 1787-1816.

Pinto, P., Dannenbring, D. G. and Khumawala, B. M., 1975. ‘A branch and bound
algorithm for assembly line balancing with paralleling’, International Journal of
Production Research, 13 (2), 183-196.

83



Pinto, P., Dannenbring, D. G. and Khumawala, B. M., 1981. ‘Branch and bound
and heuristic procedures for assembly line balancing with paralleling of stations’,

International Journal of Production Research, 19 (5), 565-576.

Talbot, F. B. and Patterson, J. H., 1984. ‘An integer programming algorithm with
network cuts for solving the single model assembly line balancing problem’,

Management Science, 30, 85-99.

Thangavelu, S. R. and Shetty, C. M., 1971. ‘Assembly line balancing by zero-one
integer programming’, AIIE Tranms., 3, 61-68.

Thomopoulos, N. T., 1967. ‘Line balancing-sequencing for mixed model

assembly’, Management Science, 14 (2), 59-75.
Ugurdag, H. F., Rachmadugu, R. and Papachristou, C. A., 1997. ‘Designing paced
assembly lines with fixed number of stations’, European Journal of Operational

Research, 102, 488-501.

Wild, R., 1972. Mass-production Management. The Design and Operation of
Production Flow-Line Systems, John Wiley and Sons, New York.

84



Table A.1 Optimal Solutions of Test Problems

APPENDIX A

SOLUTIONS TO TEST DATA

Name ¢ (given) Minimal number Name ¢ (given) Minimal number
of stations of stations
Bowman 20 5 Sawyer 36 10
Mansoor 48 4 Sawyer 41 8
Mansoor 62 3 Sawyer 54 7
Mansoor 94 2 Sawyer 75 5
Mertens 6 6 Kilbridge 138 4
Mertens 7 5 Kilbridge 184 3
Mertens 8 5 Roszieg 14 10
Mertens 10 3 Roszieg 16 8
Mertens 15 2 Roszieg 18 8
Mertens 18 2 Roszieg 21 6
Jaeschke 6 8 Roszieg 25 6
Jaeschke 7 7 Roszieg 32 4
Jaeschke 8 6 Buxey 27 13
Jaeschke 10 4 Buxey 30 12
Jaeschke 18 3 Buxey 33 11
Jackson 7 8 Buxey 36 10
Jackson 9 6 Buxey 41 8
Jackson 10 5 Buxey 47 7
Jackson 13 4 Buxey 54 7
Jackson 14 4 Lutzl 1414 11
Jackson 21 3 Lutzl 1572 10
Mitchell 14 8 Lutzl 1768 9
Mitchell 15 8 Lutzl 2020 8
Mitchell 21 5 Lutzl 2357 7
Mitchell 26 5 Lutz1 2828 6
Mitchell 35 3 Gunther 41 14
Mitchell 39 3 Gunther 44 12
Heskiaoff 138 8 Gunther 49 11
Heskiaoff 205 5 Gunther 54 9
Heskiaoff 216 35 Gunther 61 9
Heskiaoff 256 4 Gunther 69 8
Heskiaoff 324 4 Gunther 81 7
Heskiaoff 342 3 Hahn 2004 8
Sawyer 25 14 Hahn 3507 5
Sawyer 27 13 Hahn 4676 4
Sawyer 30 12
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APPENDIX B

FREQUENCY DISTRIBUTIONS OF DEVIATION

Figures B.1 and B.2 show the frequency of average and maximum percentage
deviation values when L/A, is 30/30 and FR is 0.2. As seen from Figure B.1, 60%
of the observations are between 5 and 8. When maximum percentage deviation
values are considered, it is seen that 53% of the observed values are between 13

and 18.

Frequency
O = N W & OO0 o

2 3 5 6 7 8 9 11 13
Avg. Deviation

Figure B.1 Frequency of Avg. % Deviation When L/ A, is 30/30 and FR is 0.2
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Figure B.2 Frequency of Max. % Deviation When L/A. is 30/30 and FR is 0.2

Figures B.3 and B.4 show the frequency of percentage deviation values when L/A
is 30/30 and FR is 0.5. Average percentage deviation value of 7 has the highest
frequency. 75% of the observations are between 5 and 8. There are various
observed maximum percentage deviation values each with low frequency. It is
difficult to categorize them. 38% of the values are between 21 and 31, and 33% of

them are between 11 and 14.
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Frequency

Avg. Deviation

Figure B.3 Frequency of Avg. % Deviation When L/A/ is 30/30 and FR is 0.5
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Figure B.4 Frequency of Max. % Deviation When L/A. is 30/30 and FR is 0.5

The frequency of average and maximum percentage deviation values when L/ A,
is 30/30 and FR is 0.8 are shown in Figures B.5 and B.6, respectively. There are
various observed average values each with low frequency. 47% of them are
between 20 and 32. The highest frequency maximum percentage deviation is 20
with a relative frequency of 33%. 80% of the values are between 20 and 40. The

highest value observed during the analysis is 57.

Frequency
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!

Avg. Deviation

Figure B.S Frequency of Avg. % Deviation When L/ A. is 30/30 and FR is 0.8
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Figure B.6 Frequency of Max. % Deviation When L/A; is 30/30 and FR is 0.8

Figures B.7 and B.8 show the frequency of average and maximum percentage
deviation values when L/ A, is 30/1 and FR is 0.2. 48% of the average values
equal to 4. 85% of the values are between 3 and 5. Maximum values of 7 and 11

are most frequently observed with 67%.
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Figure B.7 Frequency of Avg. % Deviation When L/A; is 30/1 and FR is 0.2
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Figure B.8 Frequency of Max. % Deviation When L/A; is 30/1 and FR is 0.2

Figures B.9 and B.10 show the frequency of percentage deviation values when
L/A. is 30/1 and FR is 0.5. Most frequently observed average value is 5. Relative
frequency of this value is 50%. Maximum percentage deviation value 10 is
observed with a relative frequency of 29%. 63% of the observations are between

0.10 and 0.13.
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Figure B.9 Frequency of Avg. % Deviation When L/A. is 30/1 and FR is 0.5
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Figure B.10 Frequency of Max. % Deviation When L/A. is 30/1 and FR is 0.5

Figures B.11 and B.12 show the frequency of percentage deviation values when
L/A: is 30/1 and FR is 0.8. Highest frequency average values are 6 and 7 each
with a relative frequency of 27%. There are various maximum percentage
deviation values each with low frequency. 60% of the observations are between 13

and 24.
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Figure B.11 Frequency of Avg. % Deviation When L/A. is 30/1 and FR is 0.8

91



Frequency

7 10 1 12 13 14 15 16 24

% Deviation

Figure B.12 Frequency of Max. % Deviation When L/A; is 30/1 and FR is 0.8

When L/ A: is 30/30, average percentage deviation values are between 5 and 8 for
FRs 0.2 and 0.5. However, when FR is 0.8, the average values are higher. Nearly
all of the observed values are greater than 11. When maximum percentage
deviation values are considered, the most frequently observed values also get
larger as the FR increases. The difference is more obvious when FR is 0.8. When
L/A: is 30/1, average percentage deviation values are generally between 4 and 7
for any FR. When we consider maximum percentage deviation, it is seen that the

most frequently observed values get larger as the FR increases.
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