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Abstract.  Worker assignment is a new type of problem in assembly line balanc-
ing problems, which typically occurs in sheltered work centers for the disabled. 
However, only a few contributions consider worker assignment in a two-sided 
assembly line. This research presents three variants of artificial bee colony algo-
rithm to solve worker assignment and line balancing in two-sided assembly lines. 
The utilization of meta-heuristics is motivated by the NP-hard nature of the prob-
lem and the chosen methods utilize different operators for onlooker phase and 
scout phase. The proposed algorithms are tested on 156 cases generated from 
benchmark problems. A comparative study is conducted on the results obtained 
from the three proposed variants and other well-known metaheuristic algorithms, 
such as simulated annealing, particle swarm optimization and genetic algorithm. 
The computational study demonstrates that the proposed variants produce more 
promising results and are able to solve this new problem effectively in an ac-
ceptable computational time.  

Keywords: Assembly line balancing; two-sided assembly line; worker assign-
ment; artificial bee colony; metaheuristics 

1. Introduction 
Extensively industry is using assembly lines to assemble different types of products, 
where a set of tasks is allocated to workstations and each workstation is assigned with 
one or several workers. In any real application, the problem of worker assignment re-
quires consideration due to the different skills of the workers. This situation has been 
studied for sheltered work centers for the disabled [1, 2], where disabled workers might 
need more times to operate certain tasks or even are incapable of operating some tasks. 
The current state of task allocation mechanisms followed in assembly line balancing 
problems presently ignores this situation. Worker assignment and task allocation results 
in a new integrated assembly line worker assignment and balancing problem, which 
contains two interacted sub-problems. The worker assignment problem determines the 
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assignment of the workers on workstations and the assembly line balancing problem 
allocates tasks to workstations while satisfying different constraints. 

Two-sided assembly lines are widely applied in automobile industries to assemble 
large-size high-volume products. In this type of line, workers operate tasks on two-
faced workstations, referred to as mated-stations, in parallel [3, 4]. In this research 
worker assignment and balancing of a two-sided assembly line are taken into account 
simultaneously, a new integrated two-sided assembly line worker assignment and bal-
ancing problem (TALWABP) is proposed.  

Even though there are plenty of contributions regarding two-sided assembly line bal-
ancing problems (TALBP) or worker assignment in one-sided assembly line, to the 

there is no reported research on TALWABP where cycle time 
minimization is considered. Hence, this paper presents a first approach to solve the 
TALWABP with the objective of minimizing the cycle time. As a common objective 
function, the cycle time minimization criterion has great applications for the reconfig-
uration of the installed assembly lines[5]. A simple balancing problem in an assembly 
line is classified as NP-hard[4]; the considered problem also falls under this category 
due to the additional complexity incorporated. Hence, there is a need to use optimiza-
tion techniques such as constraint programming and metaheuristics to solve large prob-
lem instances [1, 6, 7]. In this paper, several variants of the artificial bee colony (ABC) 
algorithm are developed to tackle the problem. A set of benchmarks are generated based 
on the benchmarks available in [8]. A comparative study on the proposed algorithms 
and three other well-known metaheuristics is presented and discussed in detail to 
demonstrate the performance of the proposed algorithms.  

The reminder of the paper is organized as follows. Section 2 presents the problem 
description. Section 3 presents the details of the proposed algorithms. The comparative 
study and the statistical analysis are presented in Section 4. Finally, Section 5 concludes 
this research and suggests several future directions. 

2. Problem definition  
To scope the problem, we consider a set of assumptions as follows:  
1) Workers have different skills and the operation times of tasks depend on the as-

signed workers.  
2) All workstation is assigned a worker and the worker number is equal to the work-

station number.  
3) Some workers are incapable of operating some tasks and the corresponding oper-

ation times are set to a very large number when this situation happens.  
In TALWABP, there is a special constraint on the preferred directions of tasks, re-

ferred to as direction constraint. Direction constraints can be grouped into three general 
types: L-type tasks, R-type tasks and E-type tasks. L-type tasks are allocated to the left 
side, R-type tasks are allocated to the right side and E-type tasks can be allocated to the 
left or right side[9]. In addition, there is a special condition for tasks on a mated-station, 
which is the existence of sequence-depended idle time[5]. Sequence-depended idle time 
is due to the precedence constraint and utilization of two sides, and can be reduced by 
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optimizing the task sequence on each workstation. Taking the sequence-depended idle 
time into account, our solution to the TALWABP optimizes not only the worker as-
signment and task allocation to workstations, but also the task sequence on each work-
station. An example of worker assignment and task allocation on two-sided assembly 
line is depicted in Fig.1. In this figure, two facing workstations on the left side and right 
side comprise a mated-station. For instance, workstation (1, 1) and workstation (1, 2) 
comprise mated-station 1. Each workstation is assigned a worker and there are four 
workers on the four workstations. Two workers on a mated-station operate the allocated 
tasks simultaneously. Two-sided assembly line balancing determines the detailed allo-
cation of tasks on each mated-station while worker assignment assigns the best-fit 
worker to each workstation.  
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Fig.1 Worker assignment and task allocation on a two-sided assembly line 

3. Proposed Methodology 
Artificial Bee Colony (ABC) is one of the recently developed metaheuristic algo-

rithm which has shown promising results for solving two sided assembly line balancing 
problem[5, 10] due to the faster convergence rate and there are only few parameters to 
be fine-tuned.  This section first describes the procedure of the basic ABC algorithm, 
subsequently describes the proposed encoding and decoding policies along with the 
details of several variants of ABC algorithm.  

3.1 ABC procedure 
When solving optimization problems utilizing ABC algorithms, each solution is re-

garded as a food source and the fitness of an individual is referred to as the nectar 
amount. A pseudocode example of the ABC algorithm is presented in Fig. 2. Three 
groups of bees in the swarm search for the best food source, namely employed bees, 
onlookers and scouts. Employed bees exploit the nectar sources and provide the food 

phasize intensification. The scout carries a random search to achieve a new food source 
to emphasize exploration. The procedure of the ABC algorithm is clarified in the fol-
lowing, where PS is the number of employed bees or onlookers. It should be noted that 
the number of employed bee is equal to onlookers and an onlooker becomes a scout.  
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Begin:     
Initialize the swarm with PS individuals;                     % Initialization 
  While (termination criterion is satisfied) do  

For p=1 to PS do                                      % Employed bee  
Achieve a new individual based on the incumbent individual p utilizing neighbor opera-

tor; 
Replace the incumbent one with new one when better fitness value is achieved;  
For p=1 to PS do                                      % Onlooker  
Select an individual based on probability value for each food source; 
Achieve a new individual based on the selected individual utilizing neighbor operator; 
Replace the incumbent one with new one when better fitness value is achieved;  
If (One individual should be abandoned)                   % Scout 
  Determine the abandoned individual;  
  Replace the abandoned individual with the new one achieved by a scout 
Endif 

End  
Fig.2 Pseudocode of ABC algorithm  

3.2 Encoding and decoding 
Since the addressed problem is similar to the robotic TALBP in [11] this paper pro-

poses a similar encoding method which utilizes two vectors: task permutation and 
worker assignment. It is to be noted that the task permutation vector is selected since it 
has shown superior performance than the mated-station oriented encoding [5]. In the 
two vectors, the worker assignment vector determines the detailed worker assignment 
and task permutation determines the sequence of allocating tasks. The former task in 
the task permutation is allocated first. An example with 12 tasks and 2 mated-station is 
illustrated in Fig. 3 to describe the solution presentation. It is observed that the worker 
assignment vector is 3, 2, 1 and 4, and thus worker 3 and 2 are assigned to the left side 
and right side of mated-station 1 and worker 1 and 4 are assigned to the left side and 
right side of mated-station 2. The three former tasks in the task permutation are task 3, 
2 and 6. Hence, task 3, 2 and 6 are allocated first and are all allocated to mated-station 
1. 
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Fig.3 Illustrated solution presentation 

 
However, the task permutation is not a feasible task allocation, and an initial cycle 

time and an effective decoding scheme are necessary to transfer the task permutation 
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into a feasible task allocation. Based on the task permutation, the decoding procedure 
in Li et al. [11] is proposes to transfer the task permutation into a feasible task alloca-
tion. In this decoding procedure, tasks are allocated to former workstations as much as 
possible gradually, and the last mated-station endures all the unallocated tasks. The 
largest finishing time of all mated-stations is regarded with the cycle time achieved by 
this task permutation. Regarding the initial cycle time (CT), it is set to be a large number 
in this paper. The initial cycle time is updated with  when a smaller new 
best cycle time  is achieved or  when the current best cycle time re-
mains unchanged. The above expression guarantees that the initial cycle time reduces 
over the cycle time is 
reduced. When new best cycle time is achieved, all the individuals are re-decoded using 
the initial cycle time of  and the new achieved cycle times are set to their ob-
jective functions. This method, referred to as the iteration mechanism, ensures that all 
the individuals are evaluated using the same initial cycle time.  

3.3 Proposed ABC methods 
This paper develops three variants of ABC algorithms, which are different in on-

looker phase and scout phase. The first variant, referred to as ABC1, is the traditional 
ABC. The other two versions, referred to as ABC2 and ABC3, have some modifica-
tions. The features of the three method are listed as follows. 
ABC1: In the onlooker phase, the selection probability value for food source p, Prp is 
calculated with , where CTp is the cycle time achieved 
by individual p. Then an individual is selected using roulette selection. In the scout 
phase, if the best cycle time is not updated, the duplicated or worst individual with the 
largest cycle time is replaced with a new randomly generated solution. ABC2: ABC2 
differs from ABC1 in the way the duplicated or worst individual with the largest cycle 
time is replaced with a neighbor solution of the randomly selected individual. ABC3: 
ABC3 differs from ABC 1 in both the onlooker and scout phase. In the onlooker phase, 
ABC3 utilize tournament selection, where two individuals are randomly selected and 
the individual with the smaller cycle time is finally selected. In the scout phase, the 
duplicated or worst individual with the largest cycle time is replaced with a neighbor 
solution of the randomly selected individual.  

Compared with the roulette selection in the onlooker phase, tournament selection is 
much simpler. In the scout phase, the randomly generated solution always has poor 
performance. Thus, ABC2 and ABC3 utilize the neighbor solution of the randomly se-
lected individual to replace the abandoned one. Apart from the above factor, this neigh-
bor operator is another important factor and all the algorithms share the same neighbor 
operator. In this neighbor operator, this research employs both insert operation and 
swap operation to modify either the task permutation vector or worker assignment vec-
tor. The insert operation and swap operation have been widely applied in assembly line 
balancing problems, such as robotic TALBP in Li et al. [11]. Since two vectors are 
involved, the approach in this research is to first select a vector randomly and later 
select insert operation or swap operation randomly to modify the selected vector.     
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4. Computational Study 

This section presents the details of the tests conducted on the proposed method and 
their findings. The utilized benchmark problems are first introduced and the compara-
tive study is presented later. Since there is no available benchmark problem for this new 
TALWABP, this research generates a set of tested problems on the basis of the original 
TALBP benchmarks summarized in Tang et al. [5]and Li et al. [9]. The operation times 
of tasks are produced using the method in Chaves et al. [8], where two variabilities of 
the operation times are employed: low variability and high variabilities. The first work-
ers have the same operation times published in literature, and the operation times for 
the remaining workers are generated as follows. Regarding low variability, the opera-
tion times of task i by workers are randomly generated within a uniform distribution of 
[1, ti] where is ti the original operation times of task i in literature. Regarding high 
variability, the operation times of task i by workers are randomly generated within a 
uniform distribution of ti . In addition, two ratios of task-worker incompatibilities 
are utilized: low ratio with 10% and high ratio with 20%. Since the original benchmarks 
contain 39 cases [12], and there are 156 combinations due to two operation time varia-
bilities and two incompatible percentages. This new benchmark set is summarized in 
Table 1, where Nt is the number of tasks and Nm is the number of mated-stations. 

 
Problem Nt Nm Time variabilities Incompatibilities 
P9 9 2,3  Low, high Low, high 
P12 12 2,3,4,5 Low, high Low, high 
P16 16 2,3,4,5 Low, high Low, high 
P24 24 2,3,4,5 Low, high Low, high 
P65 65 4,5,6,7,8 Low, high Low, high 
P148 148 4,5,6,7,8,9,10,11,12 Low, high Low, high 
P205 205 4,5,6,7,8,9,10,11,12,13,14 Low, high Low, high 

 
4.1 Computational evaluation 

This section presents the comparative study and three other algorithms are adopted: 
simulated annealing algorithm[12], particle swarm optimization algorithm [11] and ge-
netic algorithm[13]. All the tested algorithms are calibrated using full factor design 
following Tang et al. [5] and [11]. All cases are solved by all the combinations of the 
parameters and they terminate when CPU time reaches milliseconds, 
where  is set to 10. After executing all the experiments, the relative percentage devia-
tion (RPD) is proposed to transfer the achieved cycle times using 

, where  is the cycle time yield by one combi-
nation and  is the cycle time achieved by all the combinations. The multifactor 
analysis of variance (ANOVA) technique is applied to analyze the achieved RPD val-
ues as done in Li et al. [11]. Based on the determined parameters, all algorithms are 
solved using 156-benchmark problems under the two-termination criterion of 

milliseconds and milliseconds. Table 2 presents the average 
RPD values of tested algorithms, where the average RPD value in each cell is the aver-
age value of several cases. For instance, the value for P205 is the average value of 11 
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cases. It can be observed that ABC3 is the best performer with an average RPD value 
of 3.90 under the first termination criterion. ABC2 is the second best performer with an 
average RPD value of 4.15. PSO and GA algorithms showed worst performance when 
compared. When the computational time reaches milliseconds, ABC3 
still ranks the first and ABC ranks the second according to the increasing order of the 
average RPD values. Among the remaining algorithms, SA ranks third, ABC1 ranks 
fourth, GA ranks fifth and finally PSO ranks sixth. In addition, ABC3 is the best per-
former among the three ABC variant for P24 and P148 using the second termination 
criterion. ABC3 is the best performer for P65 and P205. These computational results 
suggest that the ABC2 and ABC3 are quite effective when solving TALWABP due to 
its ability to achieve good solution in short computation time.   

 
 values of six tested algorithms 

Problem Tested cases Average relative percentage deviation CPU time(s) SA PSO GA ABC1 ABC2 ABC3 
         

P9 2  0.00  0.00  0.00  0.00  0.00  0.00  0.81  
P12 4 0.00  2.08  1.56  0.00  1.56  0.00  1.44  
P16 4 0.42  0.00  0.00  0.00  0.00  0.00  2.56  
P24 4 0.48  4.01  2.09  0.00  0.42  0.51  5.76  
P65 5 6.05  32.54  11.40  7.28  4.90  5.09  42.25  
P148 9 11.43  39.78  16.04  15.78  7.40  6.88  219.04  
P205 11 8.45  43.16  13.64  13.35  5.70  5.71  420.25  
Average RPD   5.89  26.15  9.39  8.34  4.15  3.90  - 

        
P9 2  0 0.00  0.00  0.00  0.00  0.00  1.62  
P12 4 0.00  2.08  1.56  0.00  0.00  0.00  2.88  
P16 4 0.42  0.00  0.00  0.00  0.00  0.00  5.12  
P24 4 0.48  2.93  1.11  0.00  0.42  0.15  11.52  
P65 5 5.54  28.97  10.12  4.29  3.49  3.66  84.50  
P148 9 8.01  36.57  14.17  11.74  3.69  2.75  438.08  
P205 11 5.16  40.35  11.47  9.10  2.64  3.24  840.50  
Average RPD   4.10  24.05  8.08  5.83  2.09  2.03  - 

5. Conclusion and future research 
Worker assignment is a new problem in assembly line balancing problems, which 

arises due to different skills of the worker. This research considers the integrated worker 
assignment and balancing problem in two-sided assembly line systems with the objec-
tive of optimizing cycle time. Three variants of the artificial bee colony (ABC) algo-
rithm are developed to solve this new problem, where the first variant is the original 
ABC algorithm and two latter variants are improved editions. Since no benchmark 
problems are available, a total number of 156 cases are generated ranging from P9 with 
9 tasks to P205 with 205 tasks. To evaluate the performance of the proposed algorithms, 
three other algorithms are implemented and compared. Computational results show that 
the two improved ABC algorithms are the two best performers and produce promising 
results for this new problem. Future researchers might consider more constraints in real 
application, such as positional constraint and zoning constraint. It is also interesting to 
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develop more advanced algorithm such co-evolutionary algorithms to solve the prob-
lem.  
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