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Nowadays companies must be able to provide a higher degree of product customisation to 

fulfil the needs of the increasingly sophisticated customer demand. This can only be 

achieved by having flexible production systems, able to cope with extended product ranges 

and with the uncertainty and variability of demand in the current market environment. The 

purpose of this paper is to present a contribution related to facilities design that accounts for

this issue, by presenting flexible U-shaped line configurations for an assembly system. In 

this type of line, whenever the production volume or product mix changes, the only 

modification in the line will be the number of operators working in the line, as the physical 

workstations remain fixed. The relevance of the problem is stated and an heuristic 

procedure, based on ant colony algorithms, developed to address this problem is described.
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The results of the application of the proposed procedure to an assembly line of a major 

manufacturer of electronic security systems are reported. 

Keywords: assembly line balancing; U-lines; ant colony optimisation

1. Introduction

The dynamics and intense competition of today’s marketplace coupled with the increased 

pace of technological change has led to shortening product life cycles and to a growing 

market demand for customised products, increasing the pressure for industries to diversify 

their product mix, with more models and optional features being offered. Moreover, 

responsiveness in terms of short and reliable delivery lead times is demanded by a market 

where time is seen as a key driver. It is evident the need for flexible systems, able to 

produce different versions of the same product without a significant increase in the costs. 

This is the reason for companies using assembly lines configurations, to make their 

production system suitable for the assembly of different models. Assembly systems must

still achieve high productivity, uniform quality and low assembly costs. Flexibility is also 

essential to cope with shorter product life cycles, low production volumes, changing 

demand patterns and a higher variety of product models and options. Hence, instead of an 

inflexible production system, like they have been before, assembly lines are now an 

important piece of the supply chain, essential to support manufacturing postponement 

strategies. On one hand, assembly lines have the ideal structure to perform final product 

customisation tasks under a mass customisation concept. On the other hand, as they are 
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labour intensive, assembly lines can be easily located geographically closer to the final 

customer marketplace.

Particularly in assembly lines, when the demand of the products, and consequently the 

production volume of the line, is highly variable, the lines have to be frequently 

re-balanced. Whenever a line is re-balanced, the workstations have to be modified, as the 

equipment for the new tasks has to be installed and operators have to be trained to perform 

the new sets of tasks. This represents cost for the companies that could be reduced if the 

lines were easily adaptable to changes in production volumes and product mix.

The purpose of this paper is to present a contribution related to facilities design that 

accounts for the issues previously described – the design of flexible U-shaped assembly 

lines. In a flexible U-shaped assembly line, whenever the production volume changes, the 

workstations remain unchanged (concerning tools and equipment) but the number of 

operators working on the line and the tasks they perform will be adjusted in order to meet 

the demand. This way, the required flexibility is attained. 

The paper has the following structure. Section 2 describes the main characteristics of 

U-shaped assembly lines and introduces the concept of line flexibility to respond to 

changes in demand volumes and/or product mix, typical of just-in-time (JIT) production 

systems. In section 3 the addressed problem, i.e., the problem of designing flexible 

U-shaped assembly lines, is presented. The heuristic procedure developed to address the 

problem is described in section 4 and the results of its application to a real world assembly 

line are presented in section 5. Finally, conclusions and directions for future research are 

provided in section 6.
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2. U-shaped assembly lines

Under the current market environment, assembly systems must be flexible to respond to 

shorter product life cycles, low to medium production volumes, changing demand patterns 

and a higher variety of product models and options. At the same time, they must still be 

able to achieve high productivity and uniform quality at low cost. The implementation of 

business philosophies such as JIT is a way that companies have to cope with the constant 

changes in the external competitive environment. JIT suggests the use of multi-skilled 

workers and efficient facility layouts, so, many companies are rearranging their traditional 

straight assembly lines into a U-shaped layout (Monden 1993, Scholl and Klein 1999, Aase 

et al. 2004).

In traditional, or straight, assembly lines workstations are physically arranged along a 

straight conveyor belt and operators perform tasks on a continuous portion of the line. The 

assembly line balancing problem consists in assigning tasks to workstations in such a way 

that the demand is met and some cost measure is minimised. Comprehensive literature 

reviews on procedures for traditional assembly line balancing problems are presented by 

Gosh and Gagnon (1989), Erel and Sarin (1998), Scholl (1999) and more recently by 

Becker and Scholl (2006) and Scholl and Becker (2006).

The implementation of JIT principles in industry facilities made companies switching from 

straight to U-shaped assembly lines. Cheng et al. (2000) and Miltenburg and Wijngaard 

(1994) summarise the main benefits and factors that favour the use of U-shaped assembly 

lines and explain its popularity among JIT practitioners.
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As opposed to traditional assembly lines, modern assembly line operators are expected to 

have higher skills being capable of performing a wider range of tasks (Bukchin et al. 2002). 

In a U-line both ends of the line are close to each other forming a ‘U’ and operators can 

move between the two legs of the line to perform combinations of tasks that would not be 

allowed in a straight line. The space at the centre of the ‘U’ is a shared area where operators 

can communicate, help each other and learn one another’s skills. It improves visibility and 

communication between operators, which may facilitate problem solving. Also, a U-shaped 

line configuration allows for more possibilities on the assignment of tasks to workstations, 

so the number of workstations may be reduced, when compared with the number of 

workstations needed for a straight line. Figure 1 illustrates the differences between the 

assignment of tasks in straight and U-shaped assembly lines, for a cycle time of 45 time 

units. A reduction of one operator is observed when turning the layout into U-shaped.

[insert Figure 1 about here]

The advantages of U-shaped assembly lines make this type of system suitable to address the 

changing structure of the demand concerning volume or product mix. A common practice 

in Toyota production system is to keep a U-shaped layout and to change (increase or 

decrease) the number of operators to adapt to demand changes, widening or narrowing the 

set of tasks assigned to each operator. This principle is called ‘Shojinka’ meaning ‘meeting 

demand through flexibility’ (Monden 1993). To implement this practice it is required a 

proper design of the machinery/workstations layout, usually in a U-shape, and the use of 

multi-skilled operators, able to perform a wide range of tasks.

The main focus of the research on U-lines has been on the development of techniques to 

solve the single model U-shaped assembly line balancing problem. Miltenburg and 
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Wijngaard (1994) were the first authors to study this problem, followed by other authors 

like Urban (1998), Scholl and Klein (1999), Erel et al. (2001), Aase et al. (2003), Guerriero 

and Miltenburg (2003) and Gökçen and Agpak (2006). 

All these studies have confirmed that the U-shaped assembly line balancing problem is a 

very significant problem for modern assembly systems. However they only deal with single 

model assembly lines. The mixed-model U-shaped assembly line balancing problem, in 

which a set of similar products is assembled on the same line, is a more complicated 

problem to solve, but much more relevant within a context of increasing pressure for 

manufacturing flexibility and growing demand for customised products. This problem was 

first described by Sparling and Miltenburg (1998). An additional and very important issue 

of mixed-model U lines, when compared with single-model ones, is the fact that in the 

same cycle a workstation may perform its tasks in two different models, one at each leg of 

the line.Kim et al. (2000), Miltenburg (2002) and Kara et al. (2007) address simultaneously 

the problems of balancing and sequencing mixed-model U-lines.

The main difference between the mixed-model assembly line balancing problem and the 

flexible U-line balancing problem that we propose in this work is related to the physical 

constraints of the line. While in the former problem typically there are no constraints 

regarding the equipment and tools used to perform the tasks, in the latter problem we 

assume that each task is associated with a specific equipment that cannot be moved from 

the workstation. We make a distinction between workstation (physical place where the task 

is performed) and operator (the person that performs the task). The problem of designing 

flexible U-shaped assembly lines is described in the following section with the aid of an 

illustrative example.

Page 6 of 41

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

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



For Peer Review
 O

nly

A. S. Simaria et al.
Designing flexible U-lines

7

3. Flexible U-shaped assembly line design problem

The problem of designing flexible U-shaped assembly lines is, to the best knowledge of the 

authors, a new problem that, although it might be often faced by industrial managers, it has 

been not addressed in the literature. The development of satisfactory line configurations in 

companies is usually done empirically by trial and error. So, the proposed approach is a 

very useful tool that explores in a deeper way the range of possible line configurations that 

can be adopted. 

In the addressed problem, a set of similar models (m=1,…, M) can be assembled on the 

line. Each model has its own set of task precedence relationships, but there is a subset of 

tasks common to all models: the precedence diagrams of all models can be combined and 

the resulting one has N tasks (i=1,…, N). The time required to process task i on model m, 

tim, may vary among models (tim=0 means that model m does not require task i to be 

assembled). Figure 2 shows an example of a precedence diagram, in this case, a combined 

diagram for two models, M1 and M2. The task processing times for each model are 

presented in table 1.

[insert Figure 2 about here]

[insert table 1 about here]

As the demand of each model may change over time, different demand levels, based on the 

most probable occurrences of demand volumes, are set for each model – Dmv is the demand 

of model m for level v, for a set planning horizon. For the numerical example, two demand 
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levels are expected for each model, so, a total of four scenarios (A, B, C, D) are considered. 

These values are given in table 2.

[insert table 2 about here]

The goal of the addressed problem is to design an assembly line flexible enough to cope 

with the different demand scenarios. The line is composed by a set of physical workstations 

with tools and equipment required to execute the set of tasks assigned to each workstation. 

Given the assignment of tasks to the workstations, it is necessary to assign operators 

(workers) to the line and determine which tasks each operator will perform. The number of 

operators working on the line is determined by the required production rate. Higher 

production rates involve lower cycle times and, consequently, a larger number of operators,

in order to meet the demand.

According to Monden (1993) a flexible assembly system allows the adjustment to different 

demand volumes by simply reassigning the human resources, i.e., increasing or decreasing 

the number of operators in the line and defining the new set of tasks that each one has to 

execute. The operators are multi-skilled, meaning that they are able to perform a wide range 

of tasks. Also, an appropriate workstations’ layout is required in order to effectively 

implement this practice; usually, U-shaped layouts are used.

Based on these assumptions, the addressed problem has two levels of decision:

(i) Level 1 – determine an assignment of tasks to physical workstations (and the 

corresponding equipment/tools) guaranteeing that the line is able to cope with the 

worst case demand scenario, i.e., the scenario where the production rate is maximum.

Page 8 of 41

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

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



For Peer Review
 O

nly

A. S. Simaria et al.
Designing flexible U-lines

9

(ii) Level 2 – For each probable demand scenario, determine an assignment of operators 

to the tasks/workstations in a U-shaped layout, according to the configuration defined 

in level 1.

A solution of the problem will consist in a fixed configuration of workstations, arranged in 

a U-shaped layout, each equipped with the necessary tools to perform the tasks assigned to 

it, and in a set of assignments of operators to tasks, one for each demand scenario.

The following section presents the procedure developed to address this problem.

4. Proposed procedure

The proposed procedure is based on ANTBAL, an ant colony algorithm based procedure 

previously developed by the authors (Vilarinho and Simaria 2006), which aims to solve the 

mixed-model assembly line balancing problem. The interested reader is referred to that 

work, where a detailed description of the features of the algorithm is presented. In the 

present paper, only the adaptation of ANTBAL to address the problem on hand is 

described, however, a brief summary is provided in Appendix.

The procedure works in two stages, one to address each of the decision levels described in 

the previous section.

4.1 First stage

The first stage aims at finding an assignment of tasks to workstations, in such a way that 

the line is able to respond to all the demand scenarios. This means that the number of 

installed workstations should be sufficient for the line to attain the maximum production 

rate (of all the probable demand scenarios). Given a set of models and levels of demand the 
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procedure starts by identifying the worst case scenario, i.e., the demand scenario that would 

require the maximum number of workstations on the line. According to the demand 

volume, each scenario requires the assembly line to be operated with a determined cycle 

time, i.e., the time elapsed between two consecutive units of finished product in the end of 

the line. For each scenario (model m – demand level v), the required cycle time of the line 

is given by mvmv DHC = , where H is the planning horizon and Dmv is the demand volume 

of model m for level v during the planning horizon. The lower bound of the number of

workstations is, then, computed as follows:




= ∑
=

mv

N

i
immv CtLB

1

(1)

The lower bound (LB) on the number of workstations does not take into account the 

precedence relationships between the tasks nor the non-divisibility aspect of tasks. 

However, the goal is to compare the values of LB of the different demand scenarios and 

since they have the same task precedence structure (the combined precedence diagram) and 

similar task processing times, the main difference in the LB values will be due to the 

different cycle time values. Table 3 presents the cycle time and LB values for the different 

scenarios of the numerical example, considering a planning horizon of 480 time units. 

[insert table 3 about here]  

The scenario with the maximum value of LB is selected and, using the data of this scenario, 

a single-model assembly line balancing problem is solved to determine the best assignment 

of tasks to workstations (the decision of level 1). The proposed procedure is based on the 
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previously developed ANTBAL (see Appendix), adapted to single-model assembly line 

balancing problems with no parallel workstations. 

The objective function takes into account the goals of minimising idle time and balancing 

the workloads between workstations. The first goal is equivalent to the maximisation of the 

line efficiency: E is the line efficiency for model m and demand level v, which is given by:

mv

N

i
mi

CS

t

E ⋅=
∑
=1 (2)

In this stage, the selected model and demand level are the ones of the demand scenario the 

corresponding to the maximum value of LB, i.e., the demand scenario which theoretically 

will need the highest number of workstations. For the numerical example, scenario A is 

selected and a cycle time of 16.6 time units is used to solve the problem.

The goal of balancing the workloads between the workstations is reached by the 

minimisation of function B: idle time balance. This function varies in the range [0,1]

reaching a minimum of zero when the line idle time is equally distributed by all 

workstations and a maximum of one if the line idle time is only due to one workstation. 

Function B is given by:

∑
=




 −−=
S

k

k

SIT

d

S

S
B

1

2
1

1
(3)

where dk is the idle time of workstation k and IT is the total idle time of the line (i.e., the 

sum of all dk).

The global objective function takes into account the values of E and B, however it is 

obvious that E is the most important goal because it directly addresses the minimisation of 

the number of workstations. For this reason, it is multiplied by a user defined parameter (λ) 

Page 11 of 41

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

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



For Peer Review
 O

nly

A. S. Simaria et al.
Designing flexible U-lines

12

that should be set λ > 1. As the criterion of the global objective function is maximisation, 

the symmetric value of function B (defined by equation (3)) has to be considered. This way, 

the objective function Z to maximise is given by

BEZ −= λ (4)

All the other features of the algorithm are similar to the ones described in Vilarinho and 

Simaria (2006) and will not be repeated in the present paper. The interested reader is 

therefore referred to that work or may directly contact the authors for further details. The 

best solution of the first stage of the procedure for the numerical example is a line 

configuration with 10 workstations. The set of tasks assigned to each workstation and the 

physical line configuration is presented in Figure 3.

[insert Figure 3 about here] 

The assignment of tasks to the physical workstations defines the equipment and tools that 

should be available at each workstation. In order to minimise the changes in the line

whenever the demand scenario changes, we assume that the physical part of the line should 

remain fixed. Therefore, the only changes in the line will be the range of tasks performed 

by the (human) operators which may increase or decrease the total number of operators 

working on the line. The definition of the best assignment of operators for each demand 

scenario is done in the second stage of the proposed procedure.

4.2 Second stage

The goal of the second stage is to determine an assignment of operators to tasks such that 

the line configuration task/workstation defined in the first stage is maintained and a 
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U-shaped layout is used. The second stage is repeated for every demand scenario of the 

problem. 

The existing procedure ANTBAL was modified in order to produce solutions that meet the 

constraints of the problem, i.e., to produce assignments of operators to tasks/workstations 

(given by the solution of the first stage) in a U-shaped line layout. Given a fixed assignment 

of tasks to workstations (from the first stage) the goal of the new procedure, which will be 

called U-ANTBAL, is, for each demand scenario, to assign human operators to the tasks in 

such a way that an operator can work on both ends of the U-shaped line. The main 

difference between U-ANTBAL and ANTBAL is in the determination of the set of 

available tasks. In U-ANTBAL, a task is available to be assigned to an operator if

(i) it verifies task-workstation assignments of first stage;

(ii) all its predecessors or all its successors are already assigned to an operator – this 

allows the assignment of an operator to tasks at both ends of the line, i.e., in a 

U-shaped layout;

(iii) the assignment of the task does not exceed the operator’s capacity – the capacity 

of an operator is the cycle time for the specific demand scenario.

For the worst case scenario, i.e., the scenario used in the first stage of the procedure, the

solution of the second stage will have one operator performing all the tasks of a 

workstation, as the cycle time used in both stages is the same. For the remaining demand 

scenarios, there will be less operators than workstations, however, in some cases there 

might be more than one operator assigned to the same workstation. As this situation may 

cause congestion and confusion among the operators it is desirable to minimise the 

probability of its occurrence. The procedure addresses this issue in two ways. First, when 
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building the solution, it first assigns the operator to all the tasks of a determined 

workstation before it changes into another workstation. The second way is to add a term in 

the objective function computing the average number of operators per workstation (P’), 

given by:

S

P

P

S

k
k∑

== 1'
(5)

where Pk is the number of operators working on workstation k and S is the total number of 

workstations. 

While the two terms of objective function of the first stage are the minimisation of the 

number of workstations and the workload balance between the workstations, the 

correspondent terms in the objective function of the second stage are related with the 

operators. Eop is the operator line efficiency for model m and demand level v, given by: 

mv

N

i
mi

op

CP

t

E ⋅=
∑
=1 (6)

Similarly to the first stage, the goal of balancing the workloads between operators is 

reached by the minimisation of function Bop, which varies between a minimum of zero, 

when the line idle time is equally distributed by all operators and a maximum of one when 

the line idle time is only due to one operator. Function Bop is given by:

∑
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where do is the idle time of operator o. The global objective function to maximise in the 

second stage is then: 

'PBEZ opop −−= λ (8)

All the other features of the algorithm are similar to the ones of ANTBAL (Vilarinho and 

Simaria 2006). 

The best solutions obtained in the second stage for each demand scenarios of the numerical 

example are presented in Figure 4. As one can observe, the assignment of tasks to the 

physical workstations is fixed being the various demand scenarios met by the different 

allocation of human operators.  

[insert Figure 4 about here]

5. Computational experience

The procedure was coded in Visual C++ and run on a 1000 MHz Pentium III computer. A 

direct comparison of its performance against other heuristics was not possible, as, to the 

best knowledge of the authors, this is the first approach to the problem of designing flexible 

U-lines. 

So, the heuristic was tested on a set of ten problems developed by the authors. The 

precedence diagrams used for the test problems were taken from Scholl (1999), except for 

problems 1 and 6 (taken from the numerical example of section 3). Problems 1 to 5 have 

the four demand scenarios shown in table 3 and problems 6 to 10 have six demand 

scenarios, given in table 4
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The results of the computational tests are summarised in table 5, where, for each scenario, 

the following information is presented: UB Eop – upper bound on the operator efficiency, 

computed using the lower bound on the number of operators; Av Eop – the average value of 

Eop for ten runs of the procedure; Imp Bop and Imp P’ – the average improvement values of 

Bop and P’ during the algorithm.

[insert table 4 about here]

[insert table 5 about here]

For 33 scenarios the obtained value of Eop was equal to the upper bound, meaning that the 

algorithm reached the optimal solution regarding the number of operators. For the other 

instances the heuristic performance was also good: the worst deviation between the 

obtained solutions and the upper bound occured in scenario D of problem 4. The upper 

bound is 1.0 while the obtained value is 0.87. However, this value corresponds to a line 

balancing solution with eight operators, only one operator more that the lower bound 

which, if feasible, would allow a operator efficiency of 100%. Due to the indivisible nature 

of tasks, this situation would be very unrealistic to occur. So, one can conclude that the 

heurist perform very well in terms of line efficiency. As for the other addressed objectives, 

the results show that  there is always a slight improvement in the values of Bop and P’. The 

maximum running time of the procedure was 115 seconds for the largest sized problem, 

which is acceptable due to the strategic nature of the problem on hand.
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6. Real world application

The recent acquisition of the company, in which the study took place, by a large group led 

to the implementation of the group’s business philosophy concerning management and 

production issues. One of these issues is the flexibility of production systems to cope with 

the uncertainty and variability of demand in the current market environment. Trying to 

achieve this flexibility, the philosophy supports the use of U-shaped assembly lines. Within 

this scope, the goal of this study was to analyse the performance of one of the assembly 

lines of the company (a major manufacturer of electronic security systems) and propose 

changes in its configuration in order to improve its flexibility.

The assembly line produces two models of a product in a straight line configuration. When

the production volume is low, the assignment of operators to workstations (with specific 

equipment required to perform the tasks) increases the distances between workstations 

which impacts negatively the flow in the line. Also, it is difficult to have multi-skilled 

workers, able to perform tasks in several workstations when these are physically distant 

from each other. Another problem with the actual assembly line is the unbalance of 

workloads between workstations. While some operators have high workloads others have 

long idle times and because workstations are distant, they cannot help each other and 

smooth the workload. The original line was designed to assemble a different product that 

no longer exists, so the facilities were adapted in order to assemble other types of products. 

This somehow explains the poor performance of the line.

The demand of the product, and consequently the production volume of the line, is highly 

variable which forces the line to be frequently re-balanced. Whenever the line is 

re-balanced, the workstations have to be modified, as the equipment for the new tasks has 
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to be installed, and operators have to be trained to perform the new set of tasks. This 

represents increased costs for the company that could be avoided if the line was easily 

adaptable to changes in production volumes.

The problem faced by this particular company was actually the motivation of the authors 

for starting the study of the problem of designing flexible U-shaped assembly lines. 

Therefore, the procedure described in the previous sections was developed and applied to 

this particular line with a small, but significant (in practical terms) modification. After 

running the procedure for a few times it was observed that the solutions placed in the same 

workstations tasks which were performed in different sub-assemblies of the product. Due to 

the size of the different parts it was not desirable that they were handled in the same 

workstation, as the space was limited. This problem was solved by adding negative zoning 

constraints which forbid the assignment of determined tasks to the same workstation. 

Figure 5 shows the combined precedence diagram of the assembly process as well as the 

different sets of tasks that belong to a specific group (sub-assemblies, pre-test, final test, 

packaging). All the tasks belonging to a group should be assigned to the same workstation, 

if possible (depending on cycle time constraints), and must not be assigned together with 

tasks belonging to other groups. Tasks that do not belong to any group may be assigned 

anywhere, as long as precedence constraints are not violated.

[insert Figure 5 about here]

The most typical demand scenarios for the two models are presented in table 6 and the best 

solution obtained by the proposed procedure is shown in Figure 6. Note that the individual 

tasks are not represented to simplify the picture.

[insert table 6 about here] 
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[insert Figure 6 about here]

These solutions were useful to perform a comparison with the actual system, where a 

straight assembly line was used. This comparison is shown in table 7. As it can be 

observed, substantial improvements occurred when changing the configuration of the line 

from straight to U-shaped. Not only the flexibility of the line, in the spirit of JIT, increased

but also its efficiency was improved, as the number of operators working on the line was 

reduced in three of the four scenarios. Besides the reduction of the number of operators, an 

actual increase of the number of produced units was possible in some cases due to the better 

balance of workloads between workstations. 

[insert table 7 about here] 

The maximum running time of the algorithm was only four minutes, which is acceptable 

due to the strategic nature of the problem on hand.

7. Conclusions

In this paper, the problem of designing flexible U-shaped assembly lines under a JIT 

philosophy was addressed. To the best knowledge of the authors this is a new problem that, 

although it might be often faced by industrial manufacturers, it has not been addressed in 

the literature. The development of satisfactory line configurations in companies is usually 

done empirically by trial and error. So, the proposed approach is a very useful tool that 

explores in a deeper way the range of possible line configurations that can be adopted.

Also, the problem itself is of extreme importance under the current market environment, 

where more and more companies are adopting manufacturing postponement strategies, i.e, 

the shipping of products in a semi-finished state from the manufacturing facility to a 
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downstream facility where final customisation occurs, normally as an assembly process. 

This strategy allows companies to standardise components and create a variety of products

in a very efficient way. 

The proposed approach allows the implementation of the Toyota’s principle ‘meeting 

demand through flexibility’ (Monden 1993), as it adjusts the number of operators working 

on the line to meet demand variations. Computational experiments proved a goood 

performance of the procedure and it was also applied to a real world assembly line where

significant improvements were observed in the efficiency of the system. 

Further developments should be made to fine-tune and improve the performance of the 

procedure. Nevertheless, the great importance of the addressed problem under the current 

market environment and the success of the application to a real case are a valuable 

contribution of this paper.
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Appendix

ANTBAL is an ant colony algorithm based procedure developed by Vilarinho and Simaria 

(2006) to address mixed-model assembly line balancing problems. An outline of the 

procedure is shown in figure A.1. ANTBAL begins by creating a sub-colony with N ants. 

Each ant in the sub-colony builds a feasible balancing solution, i.e. an assignment of tasks 
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to workstations that satisfies precedence, zoning and capacity constraints. For each feasible 

solution obtained a measure of its quality is computed, according to the problem’s objective 

function. After all ants of a sub-colony have generated a solution, they release a certain 

amount of pheromone according to the quality of the solution. Pheromone trails are kept in 

a matrix task×task. If task j is performed immediately after task i, then a certain amount of 

pheromone is released between task i and task j. In this way, pheromone trails are built in 

the paths used by the ants to build the balancing solution. 

The procedure is repeated for every sub-colony within the ant colony. The best solution 

found by the procedure is updated after each sub-colony’s iteration. 

[insert figure A.1 about here]

Figure A.2 presents the procedure carried out by an ant to build a feasible balancing 

solution. An ant begins by determining the available tasks for assignment to the current 

workstation, taking into account the problems constraints: (i) precedence constraints, (ii) 

zoning constraints and (iii) capacity constraints. Then, from the set of available tasks, 

selects one of these tasks. When there are no available tasks to assign to the current 

workstation, a new workstation is opened. This procedure is repeated until all the tasks 

have been assigned.

[insert figure A.2 about here]

The procedure for selecting a task for assignment is described in the following paragraphs.

The probability of a task being selected, from the set of available tasks, is a function of: i) 

the pheromone trail intensity between the previously selected task and each available task, 

and ii) the information provided by the heuristic for each available task. This information is 
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a priority rule that is randomly assigned to each ant when the respective sub-colony is 

generated. The procedure uses some common static priority rules for the assembly line 

balancing problem (e.g., maximum positional weight, maximum processing, maximum 

number of successors) and a new dynamic priority rule called ‘last task becoming 

available’, which was developed and included in the algorithm. The values of the priority 

rules will vary between 1 for the task with lowest priority and I (number of tasks) for the 

task with highest priority, and will be the heuristic information used by the ants to select the 

tasks. 

Let r be a random number between 0 and 1 and r1, r2 and r3 three user-defined parameters 

such that 1,,0 321 ≤≤ rrr   and 1321 =++ rrr . An ant n which has selected task i in the 

previous iteration will select task j by applying the following rule:

{ }











++≤<+

+≤<=

≤=

=

∈
∑
∈

∈

)(selectionrandom:

)(
][][

][][

)(][][

321213

2112

11

of

maxarg

22

2

selectionrandomrrrrrrifJ

nexploratiobiasedrrrrifητ
ητ

:pJ

onexploitatirrifητJ

j

Aj

n
i

n
i

Aj

β
j

α
(i,j)

β
J

α
)(i,J

)(i,J

β
j

α
(i,j)

Aj

(A.1)

where ),( jiτ is the pheromone trail intensity in the path “selecting task j after selecting task 

i”, jη  is the heuristic information of task j (e.g. the priority rule value for task j), 
n

jA is the 

set of available tasks for ant n after the selection of task i and α and β are parameters that 

determine the relative importance of pheromone intensity versus heuristic information. 

The selection of a task from the set of available tasks is performed by one of three 

strategies: 
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(i) Exploitation: it determines the selection of the best task according to the values of 

β
j

α
(i,j) ητ ][][ .

(ii) Biased exploration:  a task is selected with a probability of p(i,j) as given by J2 in 

equation  (A.1).

(iii) Random selection: from the set of available tasks, the ant selects one at random.

The first two strategies are based on the Ant Colony System state transition rule proposed 

by Dorigo and Gambardella (1997). After the task is selected, the ant assigns it to the 

current workstation. When all tasks have been assigned to workstations, the balancing 

solution is completed and solution quality measures are computed.

The pheromone release strategy is based on the one used by Dorigo et al. (1996). At the 

end of each sub-colony iteration, all balancing solutions provided by the ants have their 

objective function values computed. It is at this point that the pheromone trail intensity is 

updated. First, a portion of the existing pheromone value is evaporated in all paths, 

according to:

),(),( )1( jiji τρτ ⋅−← (A.2)

where ρ is the evaporation coefficient (0 ≤ ρ ≤ 1). Then, each ant n releases an amount of 

pheromone in the paths used to build the task sequence, according to the corresponding 

balancing solution quality. This amount of pheromone is given by:  





=∆
otherwise0

after taskimmediatly

performedis task ant by built solution in theif

,

,

),( i

jnZ

ji
nτ (A.3)

The overall pheromone update effect of all ants in each path (i,j) is then:
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∑
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N
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),(),(),( τττ (A.4)

At the beginning of the procedure, an initial amount of pheromone (τ0) is released in every 

path.
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Figure 1. Assignment of tasks in straight and U-shaped assembly lines 
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Figure 2. Combined precedence diagram for the numerical example 
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Figure 3. Physical configuration of the line (best solution of first stage) 
136x89mm (96 x 96 DPI)  
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Figure 4. Assignment of operators to tasks for the different scenarios (best solution of 
second stage) 

Page 30 of 41

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

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



For Peer Review
 O

nly

Figure 5. Precedence diagram of the real world application 
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Figure 6. Results of the procedure for the real world application 
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Figure A.1. Outline of ANTBAL 
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Figure A.2. Procedure for building feasible balancing solutions 
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Table 1. Task processing times for the two models (M1 and M2) of the numerical example
Task t M1 t M2 Task t M1 t M2

1 2.9 0 14 1.3 1.2
2 7.7 8.7 15 5.5 4.6
3 7.3 7.6 16 1.9 1.9
4 15,0 14.7 17 3.7 3,0
5 8.8 11.1 18 9.4 10,0
6 6.2 7.2 19 1.3 1.4
7 3.6 4.6 20 7.4 0
8 1.7 0 21 2,0 1.7
9 6.6 5.7 22 4.7 4.4

10 2.5 2.7 23 9.6 7.2
11 5.5 5.8 24 4.1 3.1
12 7.1 6.8 25 12.5 14.7
13 5.9 7.5
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Table 2. Demand scenarios for the numerical example
Scenario Model Demand

A M1 29
B M1 20
C M2 25
D M2 15
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Table 3. Cycle time and lower bounds for the different demand scenarios of the numerical example
Scenario Cycle time LB number workstations

A 16.6 9
B 24.0 6
C 19.2 8
D 32.0 5

Page 37 of 41

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

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



For Peer Review
 O

nly

Table 4. Cycle time scenarios for problems 6 to 10 
Scenario Model Cycle time 

A M1 16.0 
B M1 32.0 
C M1 48.0 
D M2 17.1 
E M2 26.7 
F M2 60.0 
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Table 5. Computational results

Scenario A Scenario B Scenario C Scenario D
Problem UB

Eop
Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

1 (25 tasks) .97 .87 .32 .22 .86 .86 .29 .34 .88 .88 .26 .27 .85 .85 .48 .55

2 (30 tasks) .94 .94 .24 .26 .98 .98 .26 .24 .90 .90 .40 .32 .87 .87 .12 .35

3 (35 tasks) .97 .90 .14 .22 .90 .90 .12 .29 .98 .89 .49 .21 .98 .98 .47 .10

4 (45 tasks) .95 .89 .12 .14 .92 .92 .33 .20 .97 .90 .27 .18 1 .87 .29 .27

5 (70 tasks) .96 .92 .24 .11 .99 .93 .15 .21 1 .91 .12 .22 1 .92 .30 .25

Scenario A Scenario B Scenario C Scenario D Scenario E Scenario F
Problem UB

Eop
Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

UB
Eop

Av
Eop

Imp
Bop

Imp
P’

6 (25 tasks) .90 .90 .13 .21 .90 .90 .20 .38 .75 .75 .12 .22 .99 .88 .33 .19 .85 .85 .07 .12 .75 .75 .36 .18

7 (30 tasks) .98 .88 .22 .18 .88 .88 .24 .31 .98 .98 .35 .06 .90 .90 .08 .13 .86 .86 .05 .15 .77 .77 .08 .42

8 (35 tasks) .93 .93 .17 .21 .86 .86 .07 .34 .81 .81 .03 .30 .92 .92 .18 .23 .88 .88 .43 .09 .79 .79 .16 .12

9 (45 tasks) .99 .92 .24 .17 .99 .87 .17 .44 .92 .92 .34 .38 .93 .93 .18 .22 .93 .93 .28 .21 .93 .93 .10 .29

10 (70 tasks) .99 .92 .16 .25 .99 .92 .23 .25 .99 .88 .16 .22 .97 .89 .07 .21 .96 .96 .17 .18 .91 .91 .12 .19
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Table 6. Demand scenarios for the real assembly line 
Scenario Model Demand 

A M1 155 
B M1 105 
C M2 115 
D M2 85 
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Table 7. Comparison between U-shaped and actual configurations for the real assembly line
U-shaped line Straight line

Scenario A
number of operators 6 6
number of units/hour 18.6 18.6
efficiency 87.4% 87.4%

Scenario B
number of operators 4 5
number of units/hour 12.8 12.6
efficiency 11.1% 28.9%

Scenario C
number of operators 5 6
number of units/hour 13.8 13.9
efficiency 11.5% 26.3%

Scenario D
number of operators 4 5
number of units/hour 10.3 10.3
efficiency 18.3% 34.6%
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