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This paper documents a study carried out on the problem of designing an
integrated assembly line when many workers with a variety of skills are employed.
This study addresses the problem of selecting multi-functional workers with
different salaries to match their skills and of assigning tasks to work stations
when there are precedence restrictions among the tasks. The objective of this
study is to minimise the total annual work station costs and the annual salary of
the assigned workers within a predetermined cycle time. A mixed integer linear
program is developed with a genetic algorithm in order to address the problem of
resource restrictions related to integrated assembly line balancing. Numerical
examples demonstrate the efficiency of the developed genetic algorithm.

Keywords: assembly line balancing; resource restrictions; genetic algorithm

1. Introduction

In recent years, since there has been an increased level of competition within the industry,
it has become more critical to analyse production costs. Even in successful production
systems such as the assembly line, possibilities still need to be found that will reduce
production costs. As the final assembly is usually a worker-intensive production, the
existing wage compensation system needs to be analysed.

Since the 1950s, the industry has considered the concept of assembly line balancing
(ALB). An assembly line comprises a number of tasks, n, and a number of work stations,
m, which are arranged in serial and parallel sequence, through which flows the progress
work on a product. An ALB problem considers the assignment of n to m with various
restrictions. One of the most widely researched objectives is the minimisation of cycle time
for a given number of work stations or the minimisation of the number of work stations
for a given cycle time. This objective considers the precedence constraints and
incompatible relationships between tasks, given that the total operating time at each
work station is not greater than a cycle time. In line with these objectives, the tasks are
grouped into work stations. A grouping that satisfies the objective is called a ‘balance’. In
the last 50 years, many mathematical programming schemes and meta-heuristics have been
introduced to the ALB problem. The problem of designing and balancing assembly lines is
very difficult to solve optimally, and it has proven to be an NP-hard problem (Wee and
Magazine 1982).
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The problem of designing and balancing assembly lines has been extensively examined
in the literature used and referred to in this study, and a number of analyses have been
published. Faaland et al. (1992) considered assigning alternative resources and tasks to
different stations. Their proposed solution included a precise procedure and two heuristic
algorithms. Kim et al. (1998) developed a branch-and-bound algorithm for the two-sided
assembly line balancing problem. Nearchou (2007) provided a differential evolution based
approach for solving the multi-objective assembly line balancing problem. Vilarinho and
Simaria (2006) developed an ant colony optimisation algorithm for the mixed-model
assembly line both to minimise the number of work stations for a given cycle time and to
balance the workload across the work stations. McMullen and Tarasewich (2006) applied
ant colony optimisation to the assembly line balancing problem in which there are multiple
objectives such as system utilisation, system design costs, etc. They showed that the
multiple-objective approach outperforms the single-objective approach. Levitin et al.
(2006) solved the problem on robotic assembly lines by using a genetic algorithm that they
compared with a truncated branch-and-bound algorithm. As outlined by Becker and
Scholl (2006), the problem of selecting the appropriate equipment selection requires the
same criteria as that of the problem of selecting workers who have different task
performance speeds. Bukchin and Rabinowitch (2006) considered the work station cost
and task duplication cost and developed a branch-and-bound algorithm in order to solve
the problem with mixed-model assembly line balancing. Akagi et al. (1983), Wilson (1986),
and Lutz et al. (1994) assumed that the task performance speed is the same for all persons
who are performing identical tasks. Dimitriadis (2006) studied an ALB problem that
differs from the conventional problem, where groups of workers at multi-manned work
stations simultaneously performed different assembly tasks on the same product and at the
same work station. However, they did not consider each possible task for each worker, nor
did they consider the cost of workers. Moreover, they applied a two-step solution method
in which a group of workers on a work station are assigned to a task in the first step and an
individual task is assigned to each worker in the second step. However, their method was
not able to guarantee the attainment of an optimal solution.

This study extends the ALB problem to one that is integrated and that has resource
restrictions. Multi-functional workers are defined as the restrictions and these workers are
paid different salaries depending on their skills and task precedence in the assembly line.
Figure 1 illustrates the optimisation method for the integrated ALB, which has restrictions
on task precedence and assignment of multi-functional workers. In contrast to the
optimisation procedure used by other researchers in the literature used for this study, the
procedure for this study considers the method as an integrated optimisation. In this
present research, the assignment of tasks to the work stations and the assignment of multi-
functional workers to the tasks are simultaneously optimised in order to minimise the
associated overall costs.

The proposed mathematical model and genetic algorithm represent an integrated
optimisation. The solution for different relevant costs is obtained using the method in
which the operation procedure is manipulated by minimising the sum of the total annual
work station costs and the annual salary of the workers. In this context, the study
considers the assignment of a task to each work station and the assignment of a multi-
functional worker to each task. Each work station and multi-functional worker incurs an
annual fixed operating cost and annual salary, respectively. The objective of examining
this problem is to minimise the total annual work station cost as well as the annual salary
of the workers. The mathematical model and genetic algorithm minimise the total relevant
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costs and provide the operating sequence of the tasks, the work station index, and the

assignment of multi-functional workers.
In the next section, the paper outlines the development of a mixed integer

linear program to be used for the integrated ALB problem. The genetic algorithm is

developed in Section 3. The paper then presents computational experiments for the

developed algorithms in Section 4. The final section provides a number of brief concluding

remarks.

2. Mathematical model

For the integrated assembly line balancing which has resource restrictions, the following

assumptions were made.

(1) The workers are multi-functional with different salaries.
(2) The workers can be assigned to only one work station.
(3) The workers can be assigned to tasks depending on their skills.
(4) Multiple workers can be assigned to a single work station.
(5) The precedence constraints determine the sequence in which the tasks can be

processed.

Given the previous problem statement, an initial approach used for solving the

problem is to formulate the problem as a mixed integer linear program. The model used

for solving the problem is explained below:
Notations

i Index of tasks (i¼ 1, 2, . . . , I).
s Index of work stations (s¼ 1, 2, . . . ,S).
w Worker index (w¼ 1, 2, . . . ,W).
C Cycle time.
ti Operating time for task i.

FC Annual operating cost of a work station.

Figure 1. Optimising processes for the integrated ALB with resource restrictions.
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LCw Annual salary of worker w.
P(ij) Set of pairs of tasks (i, j) where there is an immediate precedence

relationship between them.
M Big M (a very large number).
Aw Set of available tasks that can be assigned to worker w.

Decision variables

F Number of work stations to be used in the assembly line.

Xisw

1, if task i is performed byworkerw atworkstation s

0, otherwise

� �

Ysw

1, if worker w is assigned to workstation s

0, otherwise

� �

Objective function

Min FC � Fþ
XW
w¼1

LCw

Xs
s¼1

Ysw

 !
ð1Þ

Subject to

XS
s¼1

XW
w¼1

Xisw ¼ 1 8i, ð2Þ

XS
s¼1

Ysw � 1 8w, ð3Þ

XS
s¼1

XW
w¼1

ðs � Xisw � s � XjswÞ � 0 8ði, jÞ 2 PðijÞ, ð4Þ

XI
i¼1

XW
w¼1

ti � Xisw � C 8s, ð5Þ

XI
i¼1

Xisw �M � Ysw 8s,w, ð6Þ

Xi
i=2Aw

XS
s¼1

Xisw ¼ 0 8w, ð7Þ

XS
s¼1

s � Xisw � F 8i,w, ð8Þ

Xisw,Ysw 2 f0, 1g ð9Þ

The objective function (1) is to minimise the sum of the total annual work station cost
and the annual salary of the workers. Constraints (2) ensure that each worker at each work
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station performs every task. Constraints (3) restrict one worker to be assigned to exactly

one work station. Constraints (4) ensure the fulfilment of the precedence relationships
between the precedence task sets P(ij). If task i is the immediate predecessor of task j, then it

must be assigned with a higher operating index than task j. Constraints (5) express that the

total operating time of each work station should not exceed the cycle time. Constraints (6)
define the task assignment to a worker at the work station. In this constraint, Ysw

guarantees that if worker w is assigned to a work station, then Xisw can be any value.

Constraints (7) ensure that a worker cannot be assigned to a work station with a task that
the worker cannot perform according to the worker’s available task set Aw. Constraints (8)

determine the total number of work stations to be used. Constraints (9) express the binary

nature of the two kinds of decision variables.
In addition, the integrated ALB problem is extended to an integrated ALB problem

that has resource restrictions by considering the balance between a worker’s maximum

operation time and a worker’s normal operation time. It is assumed that the total worker’s

operation time cannot be longer than the predetermined upper limit. This assumption
considers the workload smoothness and the worker’s operating balance. An additional

notation is defined as follows:

Cw Predetermined maximum operation time for worker w.

The additional constraints for the worker’s maximum operation time can be
represented as follows:

XI
i¼1

ti � Xisw � Cw 8s,w ð10Þ

The constraints (10) determine that the total operating time for each worker cannot be
longer than the predetermined maximum operation time.

3. Genetic algorithm

Many optimisation problems within the industrial engineering field, particularly

those of manufacturing systems, are very complex by nature and are considerably

difficult to solve by using conventional optimisation techniques. Since the 1960s, there
has been an increasing interest in imitating humans for solving such difficult

optimisation problems. The simulation of the natural evolutionary process of human

beings results in stochastic optimisation techniques called ‘evolutionary algorithms’.
When applied to difficult real-world problems, these evolutionary algorithms can

often outperform conventional optimisation methods. Currently, there are four

main avenues for this research: genetic algorithms (GA), genetic programming,
evolutionary programming, and evolution strategies. Among these, the genetic

algorithm is currently the most widely known type of evolutionary algorithm

(Gen and Cheng 1997).
A comprehensive description of GAs can be found in Goldberg (1989). In a study by

Rubinovitz and Levitin (1995), the application of GAs for a simple, single-model assembly

line balancing (SALB) is described and the reasons for choosing this approach are

discussed. One of the advantages of GAs with regard to the SALB problem is the ease in
which they are able to handle different evaluation functions. Consequently, this approach
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has been further explored by Kim et al. (1996) mainly to cope with the multiple objectives
of an assembly line.

A GA, in contrast to conventional search techniques, begins with an initial set of
random solutions called a ‘population’. Each individual in the population is called a
‘chromosome’ which represents a solution to the problem. The chromosomes evolve
through successive iterations called ‘generations’. During each generation, the chromo-
somes are evaluated by recording a number of fitness measures. By combining parts of two
or more parental chromosomes from the current generation, the offspring is formed. This
is carried out by using the crossover operator and/or by modifying a chromosome using
the mutation operator. A new generation is selected according to the fitness values of the
parents and their offspring. Poor chromosomes are then weeded out in order to maintain a
constant population size (Mitchell 1998). It is generally accepted that any GA must have
the four basic components, namely representation and initialisation; objective and fitness
function; reproduction, crossover, and mutation; and terminating conditions and
parameters, in order to solve a problem, and that they must have different characteristics
depending on the problem being studied. Figure 2 shows the structure of the GA used in
this study.

The overall strategies used in this study for each of these components, including the
chromosome style, are explained in the following subsections.

3.1 Representation and initialisation

The choice of solution representation affects the method of transformation and evaluation.
In this study, a chromosome set is used, which consists of two chromosome parts. The first
chromosome part represents the sequence for the tasks and the work station assignment.
The second chromosome part represents the assignment of multi-functional workers to
each work station. The length of the sequence chromosome for the tasks is equal to the
number of tasks. Each gene represents a sequence for a task operation. The length of
the assignment chromosome is also equal to the number of tasks. Each gene represents the
assignment of multi-functional workers to tasks. It should be noted that a worker could be
assigned to more than one task at the same work station. Figure 3 shows an example of the
nine tasks performed by the eight multi-functional workers. The sequence of the tasks is
1-2-4-5-7-8-3-6-9. Workers 8 and 2 at work station 1 perform tasks 1, 2, and 4. Worker 6 at
work station 2 performs tasks 5 and 7. Workers 3 and 5 at work station 3 perform tasks
8, 3, 6, and 9.

Since the ALB problem in this study considers a large number of tasks and precedence
restrictions and the solution algorithm should seek to assign the multi-functional workers
to each task, the algorithm’s efficiency is highly dependent on the initial solution.
Therefore, by using a simple heuristic, a feasible initial solution is created. This heuristic
consists of a sorting procedure based on task precedence restrictions and the worker’s
available task set. The steps for the simple heuristic are as follows:

Step 1: Arrange the tasks among the precedence restrictions.

Step 2: Calculate the operating time of the cumulative task by using the predetermined
cycle time.

Step 3: Assign a worker to the tasks if the worker can be assigned such tasks. The low
skilled worker (who has a lower index for possible tasks) will be assigned first.

5530 I. Moon et al.
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START

Generate an initial population
by a heuristic algorithm

Evaluate the fitness value using the

objective function of the mixed

integer linear program

Select next population

by reordering the fitness value

of population in ascending order

Terminal ?

END

Yes

No

Apply the repair method
for the feasibility

Infeasible ?

Yes

No

Crossover (PMX and one cut point)
 & Mutation (one point random)

Figure 2. Flowchart of the proposed genetic algorithm.
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Step 4: Check the index of each worker at each work station. If the index of a worker

overlaps with other work stations, go to Step 3. (The workers must be assigned to a single

work station.) Otherwise, return the result to the GA.

3.2 Objective and fitness function

A fitness function is computed for each string in the population. The objective of this is to

determine the string that has a minimum fitness function value. For a given string, the

fitness function is computed for each chromosome in the population. The objective is to

minimise the sum of the total annual work station costs and the annual salary of the

workers function, which is the same objective function, Equation (1), as that of the mixed

integer linear program in Section 2.

3.3 Reproduction, crossover, and mutation

A simple GA that yields sound results for many practical problems is composed of

three operators. These are reproduction, crossover, and mutation. Reproduction is a

process in which individual strings are copied according to their fitness function values.

The reproduction procedure may create a new population for the subsequent

generation based on the fitness scores. The reproduction operator may be implemented

in a number of ways. This study produced offspring for the sequence chromosome part

using a partially matched crossover (PMX) because each gene represents the sequences

for tasks. The operation of this crossover has several stages. A random cut point is

chosen in both parents P1 and P2. The segment to the right-hand side of the cut point,

in both strings, functions as a partial mapping of the cells that are to be exchanged in

Figure 3. Representation and initialisation for a sample problem.
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P1 in order to generate the offspring. In order to implement this crossover, after the

selection of the cut point, a pair of cells is chosen in a predetermined location for both

segments. This pair of cells is then exchanged in the first parent. This process is

repeated for all the cells in the segment. Therefore, a cell in the segment of the first

parent, and a cell at the same location in the second parent, will define which cells in

the first parent need to be exchanged in order to generate the offspring. For the

assignment chromosome part, the one-cut-point crossover was used in this study. Two

parental chromosomes were selected for the crossover. A general mutation operator

was used, which generates random numbers and replaces each gene. A random point

from the range [1, (length of the chromosome – 1)] is generated for each gene in the

chromosome. Subsequently, the gene is mutated at that point. A direct use of standard

operators in the ALB problem can rarely ensure offspring feasibility. If it results in an

infeasible offspring, we use a repair method to overcome this shortcoming. The

procedure of the repair method is the same as that used for generating a feasible initial

solution using a proposed simple heuristic, as outlined in Sub-section 3.1.

3.4 Terminating condition and parameters

The terminating condition was determined when 300,000 generations were reached or

when the best individual did not improve more than 0.01% for 5,000 generations. For the

parameters of the GA operators, the abovementioned crossover operator and mutation

operator were employed with the parameters as listed in Table 1. The values of the

parameters were decided after a pilot test.

4. Computational experiments

The mixed integer linear program was implemented and solved using LINGO on a

Pentium-IV 3.0GHz PC with 1 GB RAM on the Microsoft Windows XP operating

system. As expected, this model requires an unacceptable amount of computational time in

order to find an optimal solution. The mathematical model was compared with the GA for

small sized problems in order to test the validity of the GA. The GA was implemented

using Microsoft Office Excel 2003 and VBA (Visual Basic for Applications) on the same

machine as that of the MILP. The precedence diagram shown in Figure 4 and Table 2

demonstrates the available operating task sets of the multi-functional workers and their

salaries.
Tables 3 and 4 show a comparison of the results obtained from the mixed integer

program and the GA. Both results have the same objective value. Due to the

characteristics of the NP-hard problem, the computational time of the mixed integer

Table 1. Parameters of GA operators.

Population
size

Crossover
probability

Mutation
probability

Task chromosome part 100 0.5 0.3
Worker chromosome part 100 0.5 0.4

International Journal of Production Research 5533
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Figure 4. Precedence sequence diagrams.
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Table 2. Multi-functional workers and their salaries (32 tasks and 15 workers).

Workers Possible tasks Salary

1 11 14 16 19 20 23 $23,000
2 2 6 13 17 21 26 $23,000
3 4 9 16 19 24 $20,000
4 3 7 8 13 30 $20,000
5 10 16 20 27 28 32 $23,000
6 15 17 18 20 25 $20,000
7 1 6 13 21 28 $20,000
8 21 24 25 30 32 $20,000
9 1 11 14 21 27 30 $23,000
10 8 17 24 29 30 31 $23,000
11 3 12 14 16 17 $20,000
12 12 16 22 28 31 $20,000
13 3 5 10 18 24 32 $23,000
14 3 13 22 26 32 $20,000
15 5 10 12 13 22 26 $23,000

Table 3. Comparison result of mathematical model and GA(1).

Mathematical model Genetic algorithm

Examples
Predetermined
cycle time

Assigned
workstations

Assigned
workers

Assigned
workstations

Assigned
workers

9 tasks and
8 workers

16 minutes 3 5 3 5

11 tasks and
8 workers

0.55 minutes 4 7 4 7

21 tasks and
15 workers

36 minutes 4 9 4 9

32 tasks and
15 workers

32 minutes 7 11 7 11

Table 4. Comparison result of mathematical model and GA(2).

Mathematical model Genetic algorithm

Examples
Computation

time*
Objective
value Remark

Computation
time*

Objective
value Remark

9 tasks and
8 workers

10 minutes $416,000 Optimal 19 seconds $416,000 Optimal

11 tasks and
8 workers

25 minutes $560,000 Optimal 27 seconds $560,000 Optimal

21 tasks and
15 workers

2 hours
17 minutes

$748,000 Optimal 10 minutes $748,000 Optimal

32 tasks and
15 workers

18 hours
55 minutes

$1,078,000 Optimal 15 minutes $1,078,000 Optimal

Note: *Average of 10 evaluations.
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linear program increases exponentially as the number of tasks and the number of
workers increase.

An experiment was carried out on a larger sized problem that had 61 tasks and 20
workers. The precedence diagram for 61 tasks is shown in Figure 5. A modified example

Table 5. Multi-functional workers and their salaries.

Workers Possible tasks Salary

1 1 3 5 6 9 14 19 26 33 54 $36,000
2 10 11 12 17 22 26 33 40 56 59 $36,000
3 1 5 19 23 35 40 45 52 61 $33,000
4 2 15 22 32 40 44 48 56 60 $33,000
5 7 20 23 29 36 37 53 56 59 $33,000
6 15 18 28 34 43 44 45 48 51 54 $36,000
7 2 5 9 14 20 21 42 56 61 $33,000
8 1 10 13 22 28 31 32 33 34 39 48 $39,000
9 4 15 26 39 40 41 42 46 50 54 59 $39,000
10 8 9 10 12 16 22 32 41 52 $33,000
11 2 24 25 28 39 44 48 52 54 55 57 58 $42,000
12 18 23 28 38 42 53 56 58 59 60 $39,000
13 12 23 29 30 34 38 44 51 55 $33,000
14 2 5 15 24 28 32 37 58 61 $33,000
15 4 11 18 20 28 36 40 46 57 $33,000
16 5 9 15 20 31 41 50 52 53 60 $39,000
17 4 7 13 35 47 51 54 55 57 58 $39,000
18 6 19 27 30 35 40 51 56 61 $33,000
19 17 25 34 36 44 46 47 49 52 $33,000
20 1 2 3 7 13 14 23 27 44 50 53 $33,000

Figure 5. Precedence sequence diagram for 61 tasks.
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Table 6. Result of the assignment of workers and tasks at the workstations.

Operating
sequence

Index
for task

Index for
work station

Operating
time

Cumulative
operating time

Assigned
worker

1 28 1 25 25 15
2 18 80 105 15
3 4 58 163 15
4 35 51 214 3
5 19 124 338 3
6 20 2 97 97 7
7 21 37 134 7
8 24 85 219 11
9 25 72 291 11
10 26 3 85 85 1
11 5 37 122 1
12 6 84 206 1
13 36 88 294 5
14 37 53 347 5
15 38 4 147 147 13
16 51 142 289 13
17 29 37 326 13
18 30 24 350 13
19 34 5 35 35 8
20 31 103 138 8
21 32 124 262 8
22 33 49 311 8
23 22 13 324 8
24 23 6 48 48 20
25 27 27 75 20
26 1 23 98 20
27 2 13 111 20
28 3 19 130 20
29 7 18 148 20
30 13 109 257 20
31 14 72 329 20
32 16 7 85 85 10
33 8 17 102 10
34 9 29 131 10
35 10 37 168 2
36 11 13 181 2
37 12 70 251 2
38 17 27 278 2
39 15 8 84 84 4
40 39 48 132 9
41 40 27 159 9
42 41 48 207 9
43 42 97 304 9
44 43 9 49 49 6
45 44 103 152 6
46 48 92 244 6
47 45 106 350 6
48 46 10 92 92 19
49 47 92 184 19
50 49 106 290 19

(continued )
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was used of the large-sized truck assembly line that was taken from the problem
identified in Kim et al. (1991). Table 5 shows the available operating task sets of the multi-
functional workers and their salaries. The predetermined cycle time is 350 minutes. The
annual operating cost for each work station is $180,000/year. The result of this example is
shown in Table 6. This assembly line is composed of 13 work stations and 19 workers. The
sum of the total annual operating cost of a work station and the annual salary of a worker
is $3,020,000. The average computational time of 10 evaluations is 10 minutes.

Since this problem differs from that defined by Kim et al. (1991), a direct comparison is
not possible. However, to overcome this limitation, the number of work stations and
balance efficiency were compared with the same predetermined cycle time (600 minutes),
as shown in Table 7.

Compared with the results documented by Kim et al. (1991), the number of work
stations was reduced from eight to seven and the balance efficiency enhanced by 4.79%.
Consequently, the proposed GA shows a significant improvement over that by Kim et al.
(1991) since it simultaneously considers the assignments of tasks to work stations with
workers to tasks. In addition, in the extended model for balancing workers’ operation
time, the examples were modified and 30 problems were solved. The mixed integer linear
program (MILP) and the GA produced the same optimal value for all 30 problems
(Table 8).

Table 6. Continued.

Operating
sequence

Index
for task

Index for
work station

Operating
time

Cumulative
operating time

Assigned
worker

51 50 11 110 110 16
52 52 130 240 16
53 53 87 327 16
54 54 12 106 106 17
55 57 92 198 17
56 58 35 233 17
57 55 96 329 17
58 56 13 79 79 12
59 59 88 167 12
60 60 90 257 12
61 61 42 299 14

Table 7. Comparison result of Kim et al. (1991) and GA.

Kim et al. (1991)
Genetic
algorithm

Number of workstations 8 7
Balance efficiency* (%) 90.73% 95.52%

Note: *Balance efficiency ¼ [total operating time/(cycle time * number of workstations)] * 100.
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5. Conclusions

This paper reports the challenges and findings from a comprehensive research
investigation aimed at solving the ALB problem in which multi-functional workers
have different salaries depending on their skills. Two MILPs were formulated. Firstly,
a MILP was developed for the integrated ALB for simultaneously determining the
tasks sequence and workers assignment. Secondly, by considering the balancing of the
workers’ operation time, the MILP was extended. The GAs for the two proposed ALB
problems were also developed. The GA found optimal solutions for the small and
medium-sized test problems. The GA identifies an implementable solution more rapidly
than the mathematical programming, thus solving complex, large problems very
efficiently. The algorithm will help the designer to choose a suitable alternative for
assembly line design and to be able to construct a flexible assembly line operating
system with assigned multi-functional workers.

Table 8. Comparison result of mathematical model and GA.

Example Result

Number
of tasks

Number
of workers

Number of
workstations

Objective
value Remark

9 11 4 $416,000 Optimal
9 13 4 $475,000 Optimal
9 14 4 $525,000 Optimal
9 15 4 $550,000 Optimal
9 18 5 $567,000 Optimal
11 16 4 $570,000 Optimal
11 16 4 $579,000 Optimal
11 17 4 $590,000 Optimal
11 17 4 $585,000 Optimal
11 18 4 $595,000 Optimal
11 19 5 $610,000 Optimal
15 19 4 $615000 Optimal
15 19 4 $620,000 Optimal
15 19 4 $630,000 Optimal
15 20 5 $650,000 Optimal
20 25 5 $715,000 Optimal
20 25 5 $726,000 Optimal
20 25 5 $730,000 Optimal
20 30 5 $770,000 Optimal
20 30 5 $775,000 Optimal
20 30 5 $780,000 Optimal
22 20 6 $815,000 Optimal
22 20 6 $820,000 Optimal
22 20 6 $817,000 Optimal
22 30 7 $920,000 Optimal
25 30 7 $816,000 Optimal
25 30 7 $830,000 Optimal
25 30 7 $835,000 Optimal
25 30 7 $850,000 Optimal
32 15 8 $1,175,000 Optimal
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Several further research directions are suggested. The first is to investigate how the GA
operator finding methods affect the quality of the GA solution. The second is to compare
the performance of the GA in this study with that of other meta-heuristics such as
simulated annealing, ant colony optimisation, and tabu search. Finally, while the GA
significantly reduced the computational time, it might be possible to incorporate
mechanisms that can reduce this even further.
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